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COMPUTER~-AIDED COMMUNICATION SATELLITE SYSTEM

ANAI;,YSIS AND OPTIMIZATION

Abstract

The capabilities and limitations of ‘the various pub-
lished computer progrems for fixed/brcadcast communication
satellite system synthesis and optimization are discussed.
The rationale for the selection of General‘Dynamics/Convair'e
'Satellite Teleccmmunication Analysis and Modeling Program
(STAMP) in an extensively modified form to aid in the system
-costing and sensitivity‘analysis work in the Program on
Application of Communication Satellites to Educational
Development is given. The modifications made to STAMP
implemented on Washingtor UniVerSity’s-IBM 350/65 computer
system include: extension of the six beam capability to
eight; addition of an option for generation of multiple beams
from a single reflector system with an array of feeds; an
1mprovcd system costing to reflect the time-value of money,
growth in earth-terminal population with time, and to account
for various measures of system rellablllty, inclusion of a
model for scintillation at microwave frequenc1es in the .
communication link loss model; and, an updated technological
environment. The..results of a prellmlnaly sensitivity
analysis carried otut w1th the modlfled STAMP are discussed
to illuminate the capabilities of the modified program.

Also described are computer programs developed for plotting
footprints of narrowbeam antennae onboard an earth-
synchronous satellite, full field of view for a prescribed
subsatellite point, and contcurs of earth-station antenna

elevation angles.
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COMPUTER-AIDED COMMUNICATION SATELLITE SYSTEM

ANALYSIS AND OPTIMIZATION

1. INTRODUCTION :

1.1 BACKGROUND

The Center for Development Technology at the Washington
University has undertaken a research effort in the area of
the application of fixed/broadcast'communicap%on_satellites
to U.S. education forideliverylof various educational
services and information networking. The objectivesvof the
study, sponsored by the National Aeronautics and Space
Administration (NASA), are to identify opportunitiesvfor
utiliiing fixed/broadcast satellite éervices in U.S. educa-
tion, to stﬁdy the econowmics ahd_feasibility of the various .
satellite‘applications in the education sector, and to
devise systems and strategies for utilizing communication
éatellites-for improvement of"U.S;'educatioh.(i)* Design
of minimum cost fixed/broadcast~sétellite systems for- a
given set of usei aﬁd.technical requirements and’ environment

is thus, obviously a matter of concern to the research

*The numbers in parentheses in the text indicate references
in the Bibliography.
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effort.and so is the analysis of systeﬁ-design and cost
sensitivities to factors such as traffic load, system
perforrance and reliability requirements, coverage objec-
tives, services, operational frequencieé,‘earth—terminal
variety, population and growth-rate, saﬁéiiite life-time,
lauﬁch.behicle'choices; and various probabilities of
successful orbital placement df the satellite for the pur-
pose of idéntifying critical user fequirements, system
parametérs, and technoclogy. | ©

Earth and.space segment trade-offs in a communication
satellite system have been a subject of interest to many
individuals and organizations. (2-8) The techﬁique almost
universaily adopted in these stﬁdies has been the establish-
ment bf quantitative relationships, first among the various
earth and space segment pa;émeters separately and then
émong those relating the two segments, follbwed by the
analysis'of the impact of cerﬁain parameters aé%uming_cer—
tain values on the overali system or a segment thereof.
Unfortunately, most of the stﬁdies are either limited to
earth segmént optimizationbfor fixed séace-segment parameters,
(2) or determination of Satellite parametefs which maximize
voice channel capacity of a link between two standard
INTELSAT eérthfstations,(3,4) or modelihg of space segment
alone. {5)

Lutz first presented'the complex relationship between

r . . .
_the earth-station parameters (antenna gain, system noise

temperature, and_tranSmitter power), the space segment
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charges of the satellite, aod performence characteristics
of the satellite transponder. (2) However, Lutz did not
establish a comprehensive space segment model and excluded
considerations such as channel capacity, signal-quality,
coverage requirements and earth—terminal pcpulation growth
characteristics from his optimization. As a result, his
"optimal systems'or configurations" were generaily sub-
optlmal in nature. Hasselbacher was first to attempt
modeling space—segment (satellite conflguratlons and sub-
'systems) in detail along with the earth—segmentpbut fell
.short of giving a ﬁethodology for the:determination of
lowest—~cost system for a given set of user requirements.(S)
Bergin et al.'s Satellite Telecommunication Analysis and
Modeling Program (STAMP), developed for NASA under Informa-
tion Transfer Satellite.Concept Study prograﬁ, represents
the first effort, described in open literéture, which
-otilizes a total system approach.and employs a steepest
descent algorithm to determine the minimum cost system_con-
figuration squeot to the fixed"user_requ}rements and imposed
constralnts.(7) The ground and space segment are simul—
taneously synthes1zed and in the process of converglng to
the solutlom, the pertlnent sub—system trade-offs are |
resolved Since the publlcatlon of Bergin et al. s work in
1971, two other studles in this area ‘have been reported
Knouse et al. have developed a computer-program for NASA for
determining minimum cost‘broadcast satellite.systems for

fixed user requirements (8). While Potter has written a
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computer program for defining optimum satellite telecon-
.ferencing networks for a givén Set of user requirements. (9)
Whereas Knouse et al. model and synthesize earth and space
segment s simultaneouély a. J the lines of Bergin et al.,
Potter determines optimum or lowest-cost earth segmént with
respect to space segment modelled only.in terms of the
annual cost of 1 watt of satellite RF power.

The ﬁser reqﬁirement investigations conducted at
Washington University suggest that educational satellite
service requirements are neither going to be soclely broad-
éas£ type nor‘totally fixed‘or point-to-point or those that
fall under the telecoﬁferencing services described by
Potter.(1,9) The educational requirements for satellite
services in the U.S. represent a mixture of the above-
ﬁentioned three categories. Selecﬁibn of an appropriate
tool for the analysis of the system cost and sensitivityv

thus poused a serious problem. While Knouse et al.'s computer

program was most up to.date in térms'qf'the state—of—the—
art reflected in various parametric equétions or moaels, it
éouid only handle brodadcast systems'whereas Bergin et al.'s
:models had become slightly out-of-date and-questionable
.though conceptually capable of handliﬁg our anélysis requiré—
~ments to a large extent. For these reasons we decided to
adapt Bergin et‘al.'s STAMP computer prcgram to our needs.
Tﬁis report describes the modified STAMF program which has
been developed to aid in.our systéﬁﬂdefinition and cost

ahalysiS~éfforts. The major modifications in the program
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include updating of the state-of-the-art of the ground as
well as space segment technolbgy, extension of the six beam
capability to eight beams, inclusion of a scintillation loss
model in the up~ and down-link models, and improvements in
the economic basis for system cost determination. To
facilitate comparison of systems with different satellite
and system lifetimes and earth—station_population growth
models, computation of the system cost has been modified

ﬁo reflact présent value of future investments. Also de-
scribed aFe=the results of some of the preliminary work
carried oﬁt with the help of the modified STAMP to compare
design alééfhatives;and to determine sensitivities to various
system parameters.;‘

1.2 SCOPE OF WORK

Sections 1.3-1.5 of this chapter briefly introduce
and discuss the méin»features of the computer programs
developed by Knouse et al., (8) Potter (9) and Bergin et al.
(7) for NASA. This discussion is fol}owed by'a comparison
of the three prdgrams in terms of their capabilities and
limitations.

Chapter 2 describes Bergin et al.'s original STAMP(7)
in-détail, the various. sub-system models, the optimization
technique, the input and out@ut formats and features, the
architecture of the proé;am and its impiementation on

Washington University's IBM 360/65 computer.
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Chapter 3 discusses the various modifications made in
the ST&MP program to reflect the techndlogical defelopments
that have come into light gince 1970, when the work on
STAMP was completed by Bergin et al. at the Convair Division
of the General.Dynamics Corporatién. Included are:

~ The extension of the six beam capability to ;ight;

-~ Addition of the option for a multibeam spacecraft
anteﬂna; |

- Substitution of cOst—pefformance relationships for.
low-cost ground receivers with wideband front-ends
capable of handling muitiple carriers with a small
additional cost for processing each additional
carrier for a situation where each carrier reguired

- & separate receiver; ’

~ Provision of system costing on the basis of preseht
value to provide en lmproved basis for comparison
oflalternative systems and handling ofrdifferent
earth-terminal population growth characteristics and
system reliability considerations;

- ﬁncoquration df an ionospheric.sbintillation loss
model for micfowave_ﬁ;equencies, dérived from
Communications Satellite Corpdration (COMSAT) measure-
ments, (10) to the up— and down-link models:;

- Removal of all amplitude modulatiéh options from
STAMP: and k

- Inclusion of appropriaté changes in thé'output format.

«
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Chapter 4 of this report describés some sample runs
made with the modified STAMP along with an anélysis of the
impact of certgin user and technological requirements on
system design and cost. Chapter 5 summarizes the results
along with suggeétions for futﬁre work.

A group of_computér prograﬁ§ have been written to plot
the footprints of narrowbeam satellite antennae on a computer
generéted geogﬁéphical map for a given sub-satellite point,

beam dimensions and beam centers; perspective from a given

‘geostationary orbit location and contours of earth-station

antenna elevation angles for values specified. These pro¥
grams, developed to aid.in the system specification and
analysis, are discussed in Appendix 7.1. Appendix 7.2,don—
tains a listing of the modified STAMP program.
1.3- STANFORD UNIVERSITY PROGRAM (9)

The work ét the Inétitute for Publiq‘Policy Analysis at

Stanford University has been primarily concerned with com-

-munication satellite systems for teleconferencing purposes.(9)

In general, the system is composed of a single master ground
station that transmits a numbér of wideband video channels
and N slave ground stations that each receive the wideband
signal and return a single narrowband audio or digiﬁal
channel. The satellite has a wideband video transponder and
a narrowband return transponder. It has a single antenna
with a sinéle beam coveriﬁg the master station and ail N

slave stations.
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Tha first step in the opfimization procedure is to
obtain *the costiné parameters for the ground system. The
receiver is considered firét and is described in terms of
the antaznna gain (G) and the receiving system noise tempera-
ture (D) by the figure of merit G/T, dB/°K. To obtain the
minimum cost combination of antenna size and ére-amplifier
noise-performance for any given:Value of G/T, a curve of
antenna diameter versus G/T for a number of system noise
temperatures is obtained. A value for G/T is then selected
and for each constant temperaturé line, that contains that
valué of G/T, a value for the antenna diameter and the
receiver noise temperature is specified.

A cost is then obtained for an antenna of the specified
diameter (D) and front-end fér the specified noise tempera-
ture (7,°K) from historical cost data and@ vender %dotes.
This cost is determined for all possible values of D and T
£or the chqsen value of G/T. A new value of G/T is then
chosen and the process is repeated. The minimum cost for
each value of G/T is then plotted on aﬁggaph of antenna
diameter versus G/T. This, then,'is a graph of the combi-
nations of antenna diamete; and pre-amplifier that will
yield a ieast cost receiver systém for any given G/T. The
transmitter cost is given as a function of the output power.

The next step is to obtain the space segment costs.
This is done by considering thfee candidate satellitesﬁ one

small, one medium and one large. The satellite that provides

the moSt RF power pef dollar per year for a particular demand
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functicih is assumed optimum for that demand function. There
are three types of demand functidns considered in the report;
the& ars 1) a constant demand, 2) linear growth for =
specified span, constant demand thereafter, and 3) linear
demand growth forever. Associated with each of these
demand functions is a number of launch stréams that will
satisfy the demand. For eéch of these launch streams the
costs are computed in two ways, one with an in—prbit spare
and ohe with a ground sparé. Ah'equation is then developed
which gives the present value of the total investment for | /
the space segment based on the development and recurring
costs.- of each of the candidate satellites and launch vehicles,
the failure rates for satellites and launch vehicles, the
discount rate and the particular 1aﬁn¢h stream chosen. The
figuré of merit of the space segment, the annual cost per
watt of RF power, is then éomputed such that the present
value of the annual income over entire system lifetime Qill
equal the present value of the investment. This has been
done for each of the demand functions for Variéus interest
rates. A numbér of conclusions are drawn to aid in the
choice of one of the three candidate satellites and an
appropriate'launchrstream to satiéfy a particular demand
functionﬂ

' With this analysis in mind one is in a position to
determine the optimuﬁ, or minimum cost, syStem.‘ Several

pafameters must be known prior to the determination of the
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optimur. system, these are the uplink and downlink frequencies
of the narrowband and wideband signals, the desired area of
coveradge, which determine the sateliite antenna diameter,
thelsatellite transponder noise temperature, cost data fo:
various system elements, and the annuél cost per RF watt of
the satellite transponder.

The total noise in the system is constrained by the
required signal-to-noise ratio (SNR) and is described by

total)
is contrxibuted by uplink noise (Tu), intermodulation noise

the carrier to noise ratio (C/T). The total‘noiée (T

(T4,) and downlink noise (T4), such that:
(/) = (T/C), + (T/C) + (T/C),

Now if C/Tu =X - C/Td then the total ﬁoise c0nt:ibuted
by the uplink and downlink is divided between the two. The
éotal system cost is very much dependent on the value chosen
for X. The backoff of the satellite transponder is also
taken into account. Given g-value of X, which divides the
,noiée fbr the -video segment, Y,'Whicﬂ divides the noisé'for
the audio segment and a backoff value (BO) fér the trans-
ponder'handling narrowband return-links, the analysis of the
master and slave stations is decoupled and carried out

independent of each other. |

‘The proéedﬁre used in the Stanford University study to
obtain the minimum cost system ié shown in Figure 1. First
the number of TV channelsvis,choéén, then the number of

slave stations is specified_followed by specificatioh of
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| starr |}

ENTER: Dgapr Toarr ofpvr afrvr ofar afar
TV(C/T)t, A(C/T)t’ S(watt/year(space seq)
ground system cost data’

Y

Set no. of TV channels
Set no. of slave
: stations

\

Some Set X

)
T L Set Backoff

Compute slave station minimum
costs for all combinations of T
. -and Pg.

)

Compute master station minimum
costs for all combinations of Tm
: and Pm -

Y

Compute space segment
minimum cost

i
Compute total cost and store
if. it is minimum

[
Update Y

Update
Backoff

Y
Update X

=

‘
END.

1 Figure 1l: Algorithm Used in 3tanford Program (9)
LS -

. ‘ o e e e
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values for X, BO and Y. A search is made over all values of
slave station noise temperaturé (Ts) and slave station
transmitter power (Ps) to be cdnsidered to find the minimum
slave station cost for the triplet (X, BO, Y). A search is
then made over all values of master étation'noiSe temperature
(Tm) and master stéEion transmitter power 1Pm) to be consi-

{

derég to find the minimum master station .cost for the given

triplet (X, BO, Y). The minimum space segment cost is then

-computed and the total system is evaluated. If this value of

total cost is léss than thé value computed on the previous
iteration‘it is stored,bif not it is discarded.w This procéss
is continued for all possible combinations.of X, BO and Y.
When ail possibilities are exhausted, the minimum cost will
be available. T ‘ .

This-algoritﬂm, while it may be practical for some
application, is rather‘inefficient. There should be some
method of convergence buii; into the iteration scheme
rather than calculating the cost ofvall poésible"systems
and picking the minimum. 7A1th6u§h the main emphasis of
this report is on the master-slave type of network, the
methodology can be applied to other configurations as it is

in one of the sections. of the repert.(9) The algorithm

" itself simplifies the optimization but requires a good

deal of preliminary work to provide the inputs.
1.4 COMPUTER SCIENCES CORPORATION STUDY (8)
‘Computer Sciences Corporation has written a computer

program for'synthesizing broadcastfsatellite systems. The
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System:is composéd of one or more'sateliites br&adcasting
FM video signals accompanied by one or more audio:éignals,
and a/éround segment consisting of a large number of
receivers of the same kind.

The COmputer_progfam model does not include thé uplink
transmitting facilities and the tracking, telemetry and |
command facilities. .

The inpufs to the program include 1) A system descrip-
tion in terms of the number of antenna beamé‘(l-s), sub-
satellite point, number of video channels/bean, ﬁumber of
audio channels/video channel, etc.; 2) Carrier ﬁrequencies
for each of the video channels; 3) Receiver description in
. terms 6f required video and audio SNR'S, maximum RF'band—
width; FM threshold, video and audio guard bandwidths, peak
deviation of subcarriers, etc.; 4) Beam description for |
each beém in terms of beam center location, beamwidth,
satellite‘and ground antenna efficiencies,‘number of
receivéré, maximum allowable video andvaudio bandwidth and
various parameters descfibing losses and.noises.and
réceiver cdst;

| The first stép in the synthesis ofylowést—cost system
is the computation of the maximum value for G/T of'the
ground receiver fofkthe'input values of ﬁinimum beamwidth
and.thevminiﬁum_reéeiver noise temperature available.
© An initial valué for G/T, system noise temperature,
‘equivalent iSotropic radiated poﬁer (EIRP) per channel and

RF.pOwer.per channel is computed. If the present value of
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G/T is greater than the maximum value of G/T computed
earlier, then EIRP/channel and RF/channel are increased
by a given amount and G/T is decreased by some other
factor until»a'suitable value is obtained.

There are four Eypes of receivers considered that .
differ in the tyée of front end used., The four types of
receiver front ends are: .1) & mixer, 2) a transister

. amplifier, 3) a tunnel diode amplifief, and 4) a parametric
amplifier.

The costs of a single receiver is calculated for eadh
of four receiver types. The antenna diameters are celculated
to prOvide»the present value of G/T for each receivervtype,
and the corresponding antenna costs are calculated. If |
any antenna diameter exceeds the maximum allowable, its
cost is set at an arbitrarily high value to effectiveiy
eliminate it from consideration.. The miniﬁum cost combi-
nation of-receiver and antenna‘is chosen and multiplied by
the ﬁumber of ground receivers fo‘obtain the‘tbtaL ground
segment cost. |

The satellite size, Weight and power parameters are
calculeted, a iaunch'vehicle'is chosen and the total space
segment cost.is computed. The RF poWer/éhannel and EIRP/
channel are then halved, the value for G/T is increased by

-3 dB.and the procedure is repeated. This continues until
the G/T exceeds the maximum G/T or the tetal system cost
increases. At this point'the.variables RF power/chennel,

EIRP/channel and G/T are modified to provide a number of
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additional iteration points to more precisely define the
minimum cost system. |

Figure .2 is a graphical. display of a sample run‘éf the
.CSC program, The’minimumrcost is shown to be rafher flat
(e} fhat inéreasing or decreasing the‘EIRP/channel does not
effect the system cost greatly while it does noticeably
effect the ground and spaée segment costs. This flatness
is dependent on system parameters and may not always be

' %reéent.‘.ln some system tréde-offs, a local minimum may
be present. The CSC program seems to be susceptibie to
these loc;i minima. To remedy this'problem, if one runs
the pregram and suspects that the obtained minimum cost
system is_aCtually a local minimum he can-rerﬁn the program
with thg same ihput parameters with the exception of the
initial'value of EIRP/channel. This shoculd be a value
- lower rhan the value defined to be optimum by the first run
of the program. The results of the second run coﬁld be
compared to those of the first to determine if the locél
_minimum_actually existed.
1.5° GENERAL DYNAMICS/CONVAIR STUDY (7)

ConVair Aerosbaée Division of General Dynamics Corpora-
tion conducted a study which had as one if its main objec-
.tives to develop techniques fof planning communication
satellite systemé.- One of the producﬁs-of this study was
ta compuﬁer.program fof'obtaining'a minimum coéL éystemaand
for analyzing system sensitivity to various péramétefs_for

broadcast as well as fixed communication satellite systems.
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The program accepts as input a set of user requirements
and the parametric data that determine weight, volume, cost
and performance of the various subsystems. The channél
requirements, i.e. carrier to noise ratio, bandwidths,'ahd
the number of channels, carriers and transmitﬁers per beam,
are computed based on the user requirements. ‘Thg satellite
antenha is sized based on the operatingffrequenéy'ana the
desired beamwidths. Then the loss and noise terms are
computed and the satellite subsystem types are defined.

The vector of independent parameters, the X vgctor, is
initialized to the initial.values that wereAinput and the
dependent parameter vector, the Y vectof, is computed. An

‘optimum perﬁurbation‘of the X vector is determined and the
perturbed X is used to calculate a new Y vecior. This
continues until convergence is achieved or until the
maximun specified number of iterations is reached.

This program is one of the ﬁost comprehensive of its
kind. In any single run thrég différent classes of grouna

-facilities may-be defined with differentisignal quality,
chanhel capacity and.transmit/regeive capability. The
satellite may have one to six antenna beaﬁS'wi£h avseparate

- antenna for each beém. The total system is éynthesized by
the prqgram»including the satellite(s), launch vehicle‘and
gféund facilities. All these systems are included in the
optimization procedure such that changing a parameter in

any system,will,be'reflected in the other systems. A




~-18-

modular approach was utilized in the structure of the program
with & separate subroutine for each of the subsystems.
Tiie main advantage of this program is the fact that

after each iteration an optimum perturbation of the inde-

'pendent parameters is computed. These perturbations are

always in the direction of minimum cost. Also the step
size for each of the parameters is adjusted such Ehaﬁ when
the present iteration is far from'the optimum the ste§ size
is larger than when it is close to convergence. This
feature helps to avoid local minima far from the 6ptimﬁm
point by “"stepping over them" with a large step size.
1.6 COMPARISON OF GD/C, CSC AND STANFORb UNIVERSITY
COMPUTER PROGRAMS

A comparison of the three system synthesis programs

"indicates that the Stanford program is the least efficient

of the three since its technique is to check all possible
combinations of independent variables and choose the one

that defines the least cost system. It does have an advantage
over the'Csciproéfam'in the fact that it-accounts for the

annual system operating'costs in its total system cost.

However, it requires, as part of its input, the annual cost

per watt of the satellite. Although the Stanford report

contains a lengthy.diséussion of the determination of the

minimum cost per watt per yéar as a function of the  interest
rate, it is, nevertheléss, a cumbersome manual derivation;
The CSC program does have an bptimiZation technique but

it, along with the Stanford pfogram, is limited to broadcast.
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satellite systems. Although the Stanford program includes
the uplink in its system, the CSC prograﬁ assumes that this
portion of the system cost does not effect the system
optimization and is left, out.

Thé GD/C program, on the other hand, is capable of
'handliﬁg numerous configurations of both fixed andlbroadcast
satellite systéms. It includes the annual costs of the
system but does not fake into account the effect of interest
over the, generally, long system lifetimes. It has the
most sophisticated optimization technique of the three
programs and the most complete system defihition contained

in the output.
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2. DESCRIPTION OF THE GD/C PROGRAM

2.1 PURPOSE AND SCOPE

The General Dynamics Satellite System Synthesis Program,
(7) cailed STAMP (Satellite Telecommunication Analysis and
Modeling Program)}, was written as a tool for analyzing
satellite communication system requiremenﬁs. The program
synthesizes a least cost satellite communication-systeﬁ
within the constraints of satellite size, power levels,
antenna diameters and réceiver_noise figures while satisfy-
ing the user regquirements of area bf coverage and type and
grade of service.

The program incorporatés the total system in its opti-
mization. This includes up to three separate types of
ground facilities, one or more idenfical'sétellites, launch
vehicles and uplink and.déwnlink éropagation models.

Communication canrbe handled in any one or combinétion
of four data types: " audio, video, facsimile and digital.
Each beam is considefed separately by the program. This
eliminétes the need to choose a worst case beam and assume
all other beams are identical. Each individual beam can
handle any combination of the four dataitypes. A bloék
diagram of the program is shown in Figure 3.

The input to the program is read in through the‘namelist
feature. There are Seveh namelist lists each containing
pérameters that are related to a specific area of the

program. The lists are:
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SLTT - contains coefficients for satellite weight, -
volume, cost and power equations

PAR - contains general system parameters

LOSS - contains coefficient for determining signal
attenuation and noise

REDUND - contains parameters needed to reflect redundant
elements needed for additional spacecraft life

GRD12 -~ contains coefficient for class 1 and 2 ground
facility éost

GRD3 - contains coefficients for direct class ground

| facility cost
USRQ - contains specific user réquirements and program

control parameters for each case to be run.
The program begins by reading in the input data. It

then computes the channel characteristics including carrier

to noise ratios and transponder backoff terms. The space-

craf£ antenna is sized based on the required fréqueﬁcies and
beamwidth and the area of coverage for each beam is compuﬁed
along with the elevation angles and uplink and downlink
location 1osées. The other loss and noise terms are then
determined from the link modeL.. |

The boundary.values for.Fhe depéndent and independent
parameters are determined and, based on an initial design
point, the'vector of dependent-pafameters is computed. A
check for boundary violations is made and an optimal pertur-
bation_of ;he independent parameters is determined. If

convergence has not been attained the perturbed independent
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paremeters are used to compute a new dependent parameter
vector. This repeate until convergence is achieved at
which time the formalized output is printed and a check is
made to determine whether another case is to be run. The
flow diagram of the program is shown in Figure 4.

The program can be used for determining sensitivity
of the syetem cost to various parameters such as system
capacity, coverage,lsignal to noise rafios, transmitter
types, rceceiver noise environment, satellite lifetimes, etc.
2.2 SUBSYS.TEM MODELS |

The program is breken into individual subsystem models,
~each represented by a separate subroutine. This simplifies
changes in any particular subsystem model. The volume,
weight and cost data are obtained from curves derived from
historical data and vendor quotes. The coefficients
defining these'curves are included in the input data. This
allows the program to be easily updated to current tech-
nology without a major programming change.
2.2.1 Uplink and Downlink Models

The communication links are covered in three separate
models: a) communication model, b) antenna coverage model,
and c) noise_and‘propagation models.
2.2.1.1 Communication Model

This model contains equations for modeling the trans-
mission, reception and propagation medium. A diagram of the
model is shown in .¥Figure 5. The sﬁbroutine that deals with-

this model is CHANEL. The main outputs of this subroutine
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Where G = antenna gain
: P = transmitter power
L = system. attenuation
N = system noise . power
‘A = satellite. transponder gain
Subsdripts:
-u = uplink
d = downlink
g = ground station
s = satellite
1 = ground station 1
2 = ground station 2

Figure. 5: Cbmmunication Model
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are the necessary RF bandwidths for the various data typés
and the carrier to noise ratio for each data type and class
of ground facility. Other outputs are various channel
requirements such as number of carriers per beam on uplink
and downlink, number of transmitters per beam for each
data type and beam, etc.
2.2.1.2 Antenna Coverage Model

This model computes the elevation angle and slant
rangés and the major and minor axes for the area of coverage
for each beam. It then compu;es the losses due to location
for each beam. The subroutinéwforwthis model is AOC.
2.2.1.3 Noise and Propagation Model

This model accepts as input the elevation angles and

slant ranges from subroutine AOC and computes the attenuation

‘due to the sky, man-made and earth elements. The elements

in the model include ionosphere, clouds, rain, water vapor,
oxygen, and receiver gircuit losses. A diagram of the

model is shown in Figure 6. The noise elements'are expressed
as an equivalent noise temperature. The effective'noise at
the ground receiving station is: | .

T =1L T + T + T

g tl “ant t rcvr
where Trcvr = noise temperature of the ;ecelver; Tt = noise.
temperature of transmission line; Ltl Tant represents all

external noise entering the system by way of the antenna
attenuated by the transmission line loss. The field of
this antenna is divided into three regions; sky, horizontal

and earth, to discriminate noise sources in sky, man-made
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noise szources and the earth as a noise source. These noise
sources are amplified by the respective relative gain over
each region, Gs’ Gm’ and Ge. The gains are expressed as
the integral of the antenna pattern function normalized in
steradians. The noise temperature of the antenna is then
written as: .

Tant = (Tcos + Ti + Ta + Tc + Tr)GS_+ Tme + TeGe

where T : man-made environmental noise

e = LrhTman

attenuated by horizontal path through rain.

T = (1 - Lr)Train; noise due to rain minus noise
absorbed by rain, i.e. fraction of noise due
to rain that reaches receiver.

T = Lr(l - Lc)Tcloud; fraction of cloud noise

attenuated by rain.

T = LeLr(l - La)Tatm: fraction of atmospheric
noise attenuated by clouds and rain.

T, = LaLeLr(l - Li)Tion;.fractlon of 1opospher1c
noise attenuated by atmosphere, clouds and
rain.

Tcos = LiLaLeLrTcosmic; cosm;c noise attenuated by
ionosphere, atmosphere, clouds:and rain.

In all these equations, the attenuation term, L, is the

reciprocal of the loss such that the value lies between

0 and 1.
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2.2.2 Ground Stations

The.grouﬁd system model includes transmitters, re-
ceivers and antennas as well as terminal equipment, build-
ings, standby power, test equipment, personnel, insfallation
and éheckout.
| There are three types of ground stations designated
Class 1, Class 2 and direct stations. The Class 1 and
Class 2 station models include transmitting and receiving
facilities as well as the building, personnel and éssociated
equipment. The direct station consists only of antenna and
receiver/preamplifier. These are intended to be low-cost,
mass produced, in-home broadcast receivers.

- There are nine different ground system options shown

in Table 1.
2.2.2.1 Cost Models

- The costinq for the grouﬁd system is divided into four
categories, the unit recurring cost, the installation cost,-
the'operatigns'cost and the maintenance cost. The unit
recurring'ahd installation cost are one time Eosts while the
opération and-maintenance costs‘are calculated on a per year
basis and summed over the lifetime of the system without
regard fof-the time-value of money.

Table 2 shows the cosﬁs associated with each of the
elements of the ground system. |

The costs quoted in the following paragraphs were

determined £rom studies performed by the General Dynamics
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Corporation. However, the appropriate barameters that
determine the costs of all subsystems are included in the
program input and can easily be changed. This allows cost
changes dué to improvements in thé.technology base to be
reflectad in the program without the need for modifying the
program itself. It also allows any of the subsystems to be
eliminated from the sysﬁem by merely setting their cost
coefficient equal to zero.
2.2.2.1.,1 Building

This cost is computed only for Class 1 and Class 2
stations. The building is assumed to have 900 sqﬁare feet
for office space and 600 square feet for each tranShittef/
receiver pair. The cost is assumed to be $39.00 per square

foot. Therefore, the cost for the building is:

By

c

]

(900 + 600 Nt/r) - $39.00
or expressed in millions:
C = 0.0351 + 0.0235 - Nt/r $ Million.

The building maintenance cost is 2% of the recurring cost.
2,2.2.1.2 Terminal Equipment

The terminal eqﬁipment includes all the équipment
needed to interface the receiver system to a ground.network.
These'costs are computed only for Class 1 and Class 2
facilities.

For audio, digital and faésimile data, the price‘of the
multiplexer is $2,000 per duple# circuit. Iﬁstallationfis
100% of unit recurring, dperation is 5% and maintenance is

10%.
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For video signal, the equipment includes a video tape
recorder and a slide film chain. The recurring cost for
video terminal equipment is $40,000 for black and white or
$120;000 for color, per channel. Insfallation and mainte-
nance are 10% and operation is 5% of recurring cost.
2.2.2.1.3 Transmitters

- Transmitters are included only in Class 1 and 2 models.
The transmitter model includés heat exchanger, power ampli-
fier, mbdulator/exciter, RF control- and display and power
supply. The transmitter cost is computed froﬁ cost curves
derived from data from various ﬁagufacturers.
2.2.2.1.4 Receivers

Class 1 and 2 receivers are essentially the same. The
performance-cost data4for Class 1 and 2 receivers are taken
from a 1966 study (18) of technical and'cést féctors affect-
ing ﬁelevision reception from a synchronous satellite for
NASA, with some discrépancies corrected.

The Class 1. and 2 receiver models include operation cost
0f 5%, maintenance of 10%, and installation cost of 15% of
recurring costs. 4

The COSt:erdirectfreceivers is expected to be consi-
derably less because of the mass production involved. The
basic receiver cost is for a single éhannel receiver and is
based on 1000 units per year production. ' The computation of
the cost for multi—chqnnél receivers is as follows. Addi-
tional channels are considered in blocks, alblock being one

channel for FM and 3 channels for AM. There is an ingrement
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of cost for the fiFst additional block of channels and a
different cost increment fdr.each additional block of
channels after the first.

Class 1 and.2 receivers benefit from a manufacturing
learning curve of the form:

N1092K+l

c + log,K

C, N(IbgzK+1)

-

where N = number of units produced

K

~learning factors

This gi&es the individual unit cost for large production

relative to the unit cost for single unit production. A

graph cf this function for K = .85, .89, .95 is given in

Figure 7; For Class 1 and 2-receiver K was chosen as 85%.
Tre mass production reduction (1000 units/year) for

direct class receivers is of a different form:

Cy o (AL Bg 4 AqN2) /10 .

- =

1000 » ‘
where N = 10 log (number of -units)
Al' Az, A3 = inputs to the model
The.cost increments for additional channels are also
computed from curves based on the number of units produced.
2.2.2.1.5 Antenna h
'There are three types of anfennas considered in the

~ground system model.

1) Steerable parabolic antenna. This is a mechanically

steerable, high gain antenna. The cost includes feeds and

the mechanical drive.
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2) Non-steerable parabolic antenna. This is a moderate
sized antenna With a broader beam such that any minor
deviation of the satellite from its position will not signi-
ficantly degrade system performance;

3) UHF wideband antenna. This is again a non-steerable,

relatively low gain antenna. As in the type 2 antenna a
95% learning curve is used to find the cost for mass pro-
duced antennas.
2.2.2.1.6 Standby Power
The ground system model includes a power generator as
an emergency power source. This generator is assumed to
havéﬁa 1% power efficiency transfef factor. The annual
maintehance is assumed to be 5% of the acquisition cost.
2.2.2.1.7 Test Equipment
Test'equipment is included only for Class 1 and Class
v 2 ;tations. This is a fixed .cost for each station:
Class 1 - $50,000
Claés 2 - $25,000
2.2.2.1.8 Installation and Checkout
Inétallation and chégkout is included only for Class 1
and Class 2 stations. The cost is assumed'to be 15% of the
combined acguisition costs for terminal équipment, trans-
mitters,. receivers, antennas, transmission lines and
standby power.
2.2.2.1.9 Personnel ' '
The'number of men required to operate the ground statioh

is given as:
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0.5

N =2 « (N, ,.)

men t/r
The cost is $15,000 per man per year with a 10% increase
for second shift and 20% increase for third shift. The

total personnel cost is then:

I . 0.5 gpsrns .
Lp .03 (Nt/r) SMillion for 1 shift
- . 0.5 appsnne S
= .063 (Nt/r) SMillion for 2 shifts
= ,099 - (N‘ )0'5 $Million for 3 shifts

. t/r A

2;2.3 Satellite Systems

The satellite system model includes all of the sub-
systems of the satellite. These subsystems include power
subsystems, antennas, receivers, transmitters, multiplexers,
structural subsystems, thermal controi, stabilization sub-
systems, telemetry and command subsystems:and any manned
provisions if they are required.

The costs computea aré‘the acquisition cost and the R
and D costs. Operation and maiﬁtenance costs do ﬁot apply
to the satellite model since all costs are incurred prior to
operation of satellite. .

The various lauhch vehicles impose different éonstfaints
on the sateliite in terms of weight, volume and diameter.
These constraiﬁts are reflected in the model in terms of
choice of rigid or expandable antenna, attitude control
moment arms and solar array mounting.

In order to size the various satellite size dependent

subsystems an iterative procedure is used. First the weight,
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volume :und power of the independent subsystems is computed,
These include the transmitter; receiver, antennas, telemetry
and cormmand. The weight, volume and power requirements of
these systems are fixed and do not change throughout the
procedure. An initial'éstimate is made for thé weight,
volume and power requireﬁents of the other systems; attitude
control, stationkeeping, thermal control and the structure:
The weight, volume and power of the power subsystems is
calculated taking into consideration the efficiencies of the
subsystems involved. A new estimate of the weight and volume
of structure is calculated such that it contains all the
equipment. New thermal controi, attitude control and
stationkeeping reéuirement are determined and these subsys-
tems are sized. New values for the weight, volume and power
of the subsystem are calculated_and the process repeats
until tane change iﬁ prime power requirements is sufficiently
small.” A flowchart of the process is shown in Figure 8.

There are other cost elements involvéd fhat are not
included invthe actual in-orbit hardware. These include a
prototype, assembly and checkout integration and management
and ground support equipﬁent. These items ;re all included
in the satellite systems model. o

There are“eight possible»launéh vehicles which may be
chosen "for any case under considefation. The originai
GD/C program included SLV-3A/Agena, SLV—3C/Centaur, SLV-3X/

Centaur, SLV-3X/Centaur III, Titan 3C, Titan 3C/Centaur,
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|

Calculate W, V and
P for transmitter,
receivers, antennas,
TILM/CMD, manned
provisions

*a

Initialize W, V and P
to zero
attitude control
+ stationkeeping
thermal control
structure

!

Calculate W, .V and P
power systems

Y

Calculate W, V and
size of structure

if_

Calculate W, V and
area of
thermal control

Y

Calculate W, V and P -
of attitude control
and stationkeeping

-

Sum P from
all subsystem
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Saturn I/Centaur,.and Saturn V. These have since been
updated to those shown in Table 3.
2.3 OPTIMIZATION TECHNIQUE
The optimization technique used in the program is a
steepest descent iterative routine. There are two to four
independent parameters, depending on the case being consi-
! dered, and 78 dependent parameters. The independent
parameters are ground.station antenna diameters and ground
receiver noise figures. Table 4 shows the possible system
configurations. Table 5 shows the independent parameters
for each configuration while Table 6 shows the dependeﬁt
parameters. The subscripts 1, 2, 3 indicate Class 1, 2 or
direct class, respectively. The choice of whether Class 1
or Class 2 antenna diameter is the independent parameter is
made on the basis of which class requires the la;gest value
for C/N. |
| The optimization routine accepts the initial vector
of independent paraméteré and computes the vector of 78
dependent parameters. A check is made4for boundary viola;
tions and an optimal perturbation of the.independent para-
eters is gompﬁted. 'This new independent parameter vector
is then used to compute a new dependent parameter vector and
! the process repeats.until convergence is reached or until
the maximum number of iterationé have been reached.
The optimum perturbation is computed in the following
manner: if there is a boundar% violation on thebdependent

i

‘ 1 .
parameter vector, ¥, the element that violates its constraint
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Table 4: System Configurations
Option Class 1 Class 2 Direct
Number Station Station Station
1 Transmit - Receive
2 Transmit Receive -
"3 Transmit Receive. Receive
4 Transmit/ - -
Receive
5 Transmit/ - Receive
’ Receiwve
6 Transmit/ Receive -
Receive
7 Transmit/ Receive Receive
Receive
8 Transmit/ Transmit/ -
Receive " Receive
9 Transmit/ Transmit/ Receive
Receive Receive
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Table 5: Independent Parameters
Option X (1) x(2)  X(3) X (4)
1 Dy D, Nf3 : -
2 Dl D2 Nf2 -
3 D, D, NE, NE,
4 Dy NE, - -
5 Dl Nfl Nf3 -

- 6 D1 or D Nfl Nf2 -
7 D, or D Nf1 Nf2 Nf3
8 Dy or D NE, NE, -

9 D, or D Nfl .- NE, Nf3'
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by the.greatest amount is determined. If there were no -
boundary violations on the previous iteration and there is
.at leas one on the present iteration, the system parameters
are returned to their previous values so that a new pertur-
bation can be computed accounting for the boundary informa-
tiQn. The routine then computes the optimum berturbation
according to the following formula: |

1T -1

lg - X ¢(¢ Ts) By

T o= -k [T - s sTe)7h
where ¢ is the constraint gradient

Q is the cost gradient

Ky is.ah arbitrary constant

Kc is a constant computed by the program

j indicates the component which violated its boundary

by the greatest degree

ij is the distance from hoﬁndary to the.element.

If there are no boundary vielations the perturbation

reduces to- |

M= -
where § indicates the unit vector in the direction of § and
s is a scaling vector.

The.scaling vector is included in order to sbeedlcon—
&ergence. The magnitude of the step size is determined by
the program accqrding to the following rules. If successive
steps have been in the‘same.direction'thenfthe step size

should be 1ncreased in order to approach the optimal solutlon

- more quickly. If however, the success1vL step° have been in
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opposite directions then one is.oscillating about the
soluticn and the step size should be reduced.

Figure 9 shows the values of some of the system param-
eters for a typical run. The independent variables are the
Class 1 antenna diameter, the'Class 1l receiver noise figure
and the Class 3 receiver noise figure. At the first itera-
tion, the satellite weight was computed tc be 3350 pounds.
This constitutes a boundary.violation since the launch
vehicle payload is 2800 pounds._ The program then tries to
reduce the weight of the satellite by increasing the ground
system performance. This is evidenced by the increase in
Class 3 antenna diameter and the reduction in Class 1 re-
ceiver noise figure. At the second iteration, the satellite
weight is reduced but the system cost has increased. The
prograr: then determines that the Class 3 antenna-diameter
must be reduced to reduee the cost, but, them, the Class 3
receiver noise figure must also be reduced to maintain the
signal qdality.- At the third iteration it <an be seen that
the cost is reducing as well as the sateilite weight. This
process continues until the system cost can no longer be
reduced. |
2.4 PROGRAM OUTPUT -

The pregram provides two types of output. The first is
a summary provided at each 1teratlon and the second is a
comprehens1ve prlntout at the end of each case.

The 1terat10n summary provides system 1ndependent and

dependent parameters, the number of boundary v1olat10ns and
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various convergence information. It is intended to provide
the user with an indiéation of the state of the system at
any. iteration and the rate of convergence.

Tha formal printoutAfor each case is a complete de-
séription of the optimal éystem. The description includes
performance information for each ground station class, beam
and data for each ground station class, beam and data type,
satellite transponder and antenna characteristics and a
summary of uplink and downlink losses and.noises.

Tha ground station costs are displayed for each element
of the system on a per year basis. These costs are displayed
for each ground station class and beam.

The cost, Weight~and volume of each of the satellite
subsystems 1is printed out.

2.57 IMPLEMENTATION ON IBM 360/65

 The program was originally written for use on a CDC
6400 computér. Some modificqtions must be made to adapt it
for use on IBM 360. The word length on the CDC 6400 is

60 bits/word while on IBM 360 it is 32 bits/word. Siﬁce
some parts of the system are sensitive to small perﬁurbations,
double pfecision variables must be used. This substantially
increases core requireﬁents ahd the IBM 360 linkage-editor
overlay feature becomes advénQageous to conserve storage. '

| The individual subroutines were compiled and stored in
object format in.a partitioned data set. The compiled éﬁb—
routines were then linkéd together to form the program-load

module which is executed each time the program is run.
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Being in a previously compiled form, a considerabie amount
of CPU time normally spent cpmpiling the program is saved
each time the program is run. This also aids in subroutine
changes. When a modification is necessary to a subroutiﬁer
the changes can be made and the sﬁbroutine compiled and re-
blaced in the subroutine library. A new ldad module is
then créated and replaces the old one. This procedure
eliminates the need to recompile the whole program when a
change is confined to a single subroutine.

2.6 DEFICIENCIES OF THE GD/C PROGRAM

The program is laCkinQ some very important practical
considerations in ifs econonic modél. The pfogrém computes
the éystem cost in dollars, but this is not the valﬁe of |
the system. The value is a function of interest rate,
inflatyon rate and system lifetime. In order to make rea-
sonable: comparisors between two or -more systems the cost of
each shoufd take-intd account the time value of money:ané
should be expressed in terms of thé’present Va;ue.

The present value of the system will not be a simple
function of the tofal\system cost computed in the GD/C
‘program since some part of this cost represents én initial
expenditu;e for acquiéition, installation, R ahd D and
launch of the various suﬁéystems while the other parf of
the cost is composed of yearly expenﬁitures for operation
and maintenance.

Also, the program assumes in its costing models that

at the time of system startup all ground stations are built
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and opsrating. It seeﬁs rather impractical to assume that
the system suppliers would wait for the last of the ground
stations to be built before putting the rest of the system
into operation. Some sort of growth curve should be included
for £he ground system costing to account for the fact that
all “initial'ekpenditureS" will not be expended at the time
of system startup. These "delayed initial expenditures"”
should be acdﬁunted for in the total system cost using the
time value of money principle.

Another section of STAMP that needs modificatioh is
in the modeling and costing of the receive chains for Claés
1l and 2 stations and the direct-chain performance-cost data
used-in STAMP is primarily derived from a 1966 study for
NASA (181 and needs updating to reflec£ the advancements
in techhology since then. The program assumes that in'
Class l.and 2.ground stations there is a separate receiver
for each carrier that is received. Alsé, the direct broad-
cést receivers modelled in the program are for home vigwing_
and not the'community reception type that are likely to
see service in the near future. foday'é technology certainly
permits use of wideband fronf-ends for receivers in all

three classes of stations defined in STAMP with incremental

cost for additional channels confined to thenchannei

separation network and individual down converted carrier
processing chains. As far as direct broadcast services
are concerned, the technology is only at a point where

services to relatively small terminals for community viewing
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or limited redistribution are feasible. With the 1971
Wired Administrative Radio Conference (WARC) recommendation
that Frequencyv Modulation (FM) be used in 620-790 MHz UHF
band for direct television broadcast from satellites and the
concentration of interests towards wideband FM'systems in
2.5 GHz as well as 12 GHz frequency bands from the viewpoint
of near-term feasibility, the need for an Amplitude Modula-
tion (aAM) option no longer exists.

The spacecraft ﬁodel has a provision for a separate
antenna system for éaéh beamn. 'In many cases it is desirable
to consider generation of multiple beams from a single
reflector through an array of feeds. An option for genera-
tion of multiple beams from a reflector with an array of
feeds needs to be included in the sbacecraft model along’
with the existing provision of an array of antennas for
muitiple‘beam generation. Also,’STAMP alldhs for only six
beams from a single spacécraft. rFrom the viewpoint of
‘regionalized services, it is then required to have U.S.
coverage via as many as eighf sub?national peams. Towards4
this end,jppe six beam,capability of STAMP needs to be
extended to a minimum 6f éight. |

Finally, the model for the communication link attenua-
tion in STAMP is incbmplete since it does not iﬁclude the
éffects of ionospheric scintillation at microwave frequencies
‘present in the viciniﬁy of the geomagnetic equator. Although
ionospheric écintillation is an intermittant phenomenon, if'

must be included in the loss terms for a complete analysis,
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particuiarly for satellite systems sérving regions of earth

in the vicinity of the geomagnetic equator.

e~
oo
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3. MODIFICATIONS IN THE GENERAL DYNAMICS/CONVAIR (GD/C)

COMMUNICATION SATELLITE SYSTEM SYNTHESIS PROGRAM

3.1 REVISED SPACECRAFT ANTENNA MODEL
The model contained in the GD/C program defines a

separate antenné system for each beam. A modification has
been made to allow the system designer for opting the
generation of multiple beams from a single paraboloidal
;reflector with multiple point~source feeds. Of course,
there are many ways of generatiné multiple—beams—;from
multipleffeeﬁ paraboloidal reflectofs and spﬁérical re-
flectors to bhased arrays, multiple—feed Waﬁeéuide lenses
and diclectric lenses. Indeed,‘a recent Lockheed Missile
‘and Space Company study of multibeam antennas for NASA has
recommendéd_a.two—antenna circular aperture artificial
die;ectric lens configuration from the viewpoint of spot-
beam coverage, béam—to—beam isolation and other desirable
characteristics of the multiple beém application. (13) We
have only added multiple-feed paraboloidal reflector option
because at present it seems to be é popular'concépt and
because weight-size-performance data was reédily available.

| The spacecraft‘antenna_is modeled in subfoutine ANTS.
The inputsto the subroutine‘are the antenna orthogonal
diameters for each beam, the equivalént antenna.diameter
for each beam (= /did, ), theJdiameter breakpoint to deter-
mine if the antenna is rigid or expandable and the cost,

weight and volume coefficients for the antenna and feedbooms.
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Th: original model determines whether each antenna is
rigid.qr expandable on the basis of the launch-vehicle
shroud diameterlconsgraints and the antenna diameter and
compute& the weight, volume and cost of each antenna feed-
boom combination. It then sums these values to get the
total weight, volumé and cost of the antenna subsystem.

The modified model determines‘whether the antenna is
rigid or expandable on the basis of the maximum diameter
and computes the weight, volume and‘cost.of a single antenna
of'that diaméter and a feedboom for each beam. These are
then the weight, volume and cosﬁ of the entire antenna.
subsystem.

The new model has the fléxibility of being able to
model a number of differént types of antennas rather than
just a reflector type. Ey manipulating the input coeffi-
cients that determine qost, weigh% and yolume, a variety of
antennas‘can be sized and costed. i
3.2 II_\ICREASED BEAM CAPABILITY

Another modification to the original GD/C program
exténded the cgpability from a maximum of six beams per
satellite to eight beams. This was done to allow for
greater regiong&ized_coveragé as might be needed in an edu-
cational system. It also provides the capability to reach
more areas but more‘iméortantly it increaseé the capabiliﬁy[
using narrow beams, to more preciéély_define the shapé of

the larger coverage areas so as to reduce the amount of



~55-

energy failing outside the desired areas while maximizing

the amount of energy radiated to the target area. The

implementation of this modification in the GD/C program was

rather wrivial in nature but time consuming. The size of

. several arrays in various subroutines was expanded to

accommodate the extra beams.
3.3 AM SECTION REMOVAL

The fact that satellite commun}catidn systems are power
limited indicates that the preferred modulation techniques
are those employing bandwidth expansion. With.this in mind
and the.popularity of frequency moduidtion in present sys-
tems,‘the amplitude modulation capability was removed from
thé prcegram. This amounted to a removal of the modulation
option and the AM performaﬁce and costing sections of the

program. The elimination of. these sections helped offset

‘the increased memory reqdirements caused by the six to eight

beam modification.

3.4 MULTI-CHANNEL RECEIVERS

~In the costing section of the ground facility subroutine

for Class 1 and Class 2 facilities, a separate receiver is

- assumed for each carrier received by that facility. Present

technology indicates that systems bﬁilﬁ in the near future
will use multi;Carrier receivers, i.e., receivers with a
wideband_front end that will handle multiplelTV or other
carriers~simultaneously. ‘This will eliminate the need for
the separate receivers:and will reduce the system cost.ac-

cordingly. A change in the program was made to incorporate

)
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this upyraded technology. The change was made in the. Class
1 and»2 ground facility model.. In the original program the
unit cost of a single receiver was computed and multiplied
by the number of channels received at each class facility
(1 or 2) for each beam.

In the modified version the unit cost for a receiver
with a wideband front-end is computed. A cost increment
for the channelization based on the number of channels
received (an input té the subroutine) is added to the wide-
band receiver costs. 'The program is written to allow for
differences in the number of channels received by widgband
front-ends in each beam. Hoﬁever, in all céses, simultaneous
demodulation of all channels is assumed unlike the receivers
ﬁo'be used in ATS-F Health-Education Telecommunication'(HET)
Experirment where only one of the two channels could be
demoduiated at a given time. The receiver unit cést, ﬁhe
sum of the wideband front—end and channelization costs,:is
multiplied by the proper 1earn1ng factox to give the unit
cost of the multl—channel receivers for each class fac111ty
and for each beam under mass productlon.
3.5 DIRECT CLASS RECEIVER MODEL
| The direct class receiver model in the original program
is intended for small, lower qﬁality, mass produced receivers
suiﬁable for direct ﬁo home TV broadcast and, as such, the
reéeiver.costing is treated differently from Class 1 and
~ Class 2 systems which*éould have receive as well és transmit

capability. The receiver cost in the original GD/C program
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is compuosed of, basically, three elements: a basic re-
ceiver cost, a cost for the first additional block of
channels, and a cost for all_additiohal blocks after the
first. A block of channels is defined as three channels
for aM and one channel for FM. 1In addition, if a combina-
tion of AM and FM is used there is an additional cost incre-~
ment. The receiver cost is then sum of all these elements.
This direct receiver model as well as the method of
costing was determined to be unrealistic. It assumed direct-
to-home satellite broadcast and complicated the modifications
in the input costing coefficients. The direct (Classi3)
receiver costing has been modified to agree with the Class
2 receiver costing and reflect the broadcasting to community
headends, that is, a basic widebahd receiver cost is
determined, an increment cost per extra channel is added
to it to reflect channelizatidn costs and the result modi-
fied byfthé learning factor.
3.6 SCINTILLATION LOSS MODEL
Until recently, signal attehuation_due to ionospheric
scintillation was thought to be negligible above 1l GHz.
However, in the fall of 1969 several stations in the Indian
Ocean region using éh INTELSAT satellite repbrted signal
fluctuation which could not be attfibuted to equipment
‘malfunction in either the ground station or the satellite.
Further monitorihg_showed’éffects that were highly_cbr-

- related with ionospheric activity at equatorial latitude.
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This indicated that the scintillations were qaused by
"electron density irregularities in the ionosphere. (10)

Ir 1970 honitoring was begun at a number of earth
staﬁions in the INTELSAT system. After some 15 months the
monitored data was collected and analyzed. It was found
that Scintillation is an intermittant phenomenon that both
enhances as well as attenuates the signal level. This
indicates that the effect is not caused by an absorptive
mechanism. The monitoring was done aﬁ 6 GHz. Taur (10)
recommeﬁds use of A2 (A = wavelength of transmission).
dependence to obtain approximate corresponding amplitude
distribution at frequencies other than 6 GHz. However, at
. frequencies below 2 of 3 GHz, the kz dependence doesn't
seem valid.*

The scintillation activity shows a strong seasonal
dependence. This dependénce is strohger~at‘the equatdr'
than at the higher 1atitudes; The sctivity is greatest
during fhs'vernal and autumnal eéuinoxes and the autumnal

peak is generally larger than the vernal peak.

*In technical circles, in absence of scintillation data at
microwave frequencies other than 6 GHz, there is consi-
derable skepticism about using either A< or A dependence.
ATS~-5 propagation experlments are not going to resolve
the questlon because of the spin-modulation of-the signal
by spin of the satellite originally intended to be fully
stabilized. Resoliuvtion of the order of the A dependence
is likely to come from ATS~F and CTS propagation and user
experlmentatlons. :
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Tha scintillation acti&ity peaks at about 2000 hours

local time at all stations. This is approximatel& sunset

in the ionospheric region. Oné theory behind this is that
_"as the sun'goes down the ionization source disappears alliow-

iné ioné and free electrons to combine. As these combinations
" take piace the ionosphere becomes "patchy." As the time

passes these patches begome smaller until they do not

affect the higher frequency transmission but are still

noticeable in the VHF bands.

b

; The dependence of scintillation on latitude is an
cleéf althéugh it seems to be confined to + 30° geomagnetic
latitude;” |
| The scintillation loss modelfthét was '‘added to. the
program was based on the data from the COMSAT study,(lo}

' The scintillation is modeled in six geomagnetié latitude
‘bands between 30°N. #d.30°S. One of the INTELSAT ground
stations included in the étudy was éhosen from each 1éti—
tude‘band as typicalrof that band. The relati&e amplitude
‘distribution curve was obtained from the COMSAT study. An
example of this type of curve is shown in F.lgure 10. These

‘curves were then approximated in three pieces with a linear

expression of the form:

Al + A2X
where X = log P
P = 100 - POR

POR is the input to the model and is the scintillation
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probability. The output of the model is the peak signal
fluctuation at 6 GHz that will not be exceeded POR percent
of the time. |
The first étep in the model is to determine the geo-
magnetir: létitude of the beam center. This is determined
from the following relationship:
sin ¢ = sin ¢ cos 11.7° + cos ¢ sin 11.7° cos (A-291°)

where ¢ = geomagnetic latitude

]

¢ beam centgr geographic latitude
A = beam center geographic longitude

This geomagnetiq latitude is then used to determine the
proper latitude band in the scintillaﬁioﬁ mddéi. The loss,
at 6 GHz, is then compuéea from the curve approximationé.
This value is then modified for the particular frequency
in use ggpording to 1/A2 fbr frequencies above 6 GHz. For
frequencies above 2 GHz and below 6 GHz, the amplitude
distribution of scintillation at 6 GHz is assumed., The
scintillation loss is combined with the other losses in

the program to determine the total loss.

3.7 SATELLITE AND LAUNCH VEHICLE FAILURE RATES .
| Under real life conditions the launching of a satellite
cannot be given a succéss probability of i. Both the
spacecraft and.the iaunch vehicle have a finite probability

) .
of failure in the process of orbital placement and the

\
initiél,deployment of the spacecraft. In general, when a
failure occurs in pldcing a satellite in the orbit, the

I
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‘ satellite.and launch vehicle must be replaced. These
failure probabilities should be reflected in the space
segment. costing,>

The placement of a satellite in the geostationary
orbit could be seen as a union of two independent but not
mutually excluéive set og”events. One is the launch of
the satellite and its release either in a transfer orbit
or directly in the syﬁchronous orbit which depends on the
éroper functioning of the launch vehicle. The second is
deplbyment\of the satellite aftér its release from the
launch vehicle either in the transfer orbit and its subse-
- quent transfer thereafter to the synchronous orbit or in
the synchronous orbit in terms of unfolding of the solar
cell afrays and expandable antenhae and acquisition Qf the
desired stabilizatioh and orientation. 'An option has been
provided in the modified STAMP for the user to supply appro-
priate launch vehiclé and satellite failure rates to compute
a total satellite orbital plécement failure rate as follows:

FAILR

FAILLV -+ FAILST - FAILST - FAILLV

i

where, FAILR = satellite orbital placement and deployment

failure rate

FAILLV launch'vqhicle failure rate

FAILST satellite failure rate reflecting spacecraft
failures after a successful launch and

release from the launch wvehicle
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.

The costs for the satellite and for theblaunch vehicle
are then modified by the factor (1 + FAILR) to account for
the cozt of the failure.

3.8 SATELLITE SPARE OPTIONS.

Satellites are not only vulnerable  to fai;ure at
launch and orbit placement but also to failure before their
desigﬁ lifetime expites. .When designing a system for very
high reliability it may be desirable to include the cost of
one or morevsatellite spares in the system costing. Whether
the spare should be in orbit or on the ground depends on
the degree of reiiability required and thé allowable communi—
cation link down time. .

An option was added to the program to allow inclusioh
of satellite spares in' the systém; Any number of orbit
spares and/or ground spgres can be included. Two constahts,
Cl and C2, are. included and determine the cost of the ground
and orbhit spares, respectively, relative to the cost of the
active satellite. The satellite segment cost then becomes:

csT,[(1 + FAILR) - (NSAT + NOS+C2) + NGS-CL]
. where ‘CSTl = the cost of a éingle active satellite
FAiLR = satellite orbitql placement
NSAT = numbei of active satellites
NOS = number of orbit spares
NGS = number of ground spares
The launch vehicle costiﬁg is very similar. The:only

difference being in the fact that, in general; more'thgn
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than one satellite can be launched by one launch vehicle.

NSAT + NOS-C2

NSL. + NGS-C1]

CSTz[(l + FAILR)

where, CS7., = cost of a single launch vehicle

2
NSL = number of satellites per launch vehicle
3. 9 PRESENT VALUE ANALYSIS AND GROUND FACILITY POPULATION
GROWTH
Investing in a communication satellite system generally
requires expenditures over a long period of time. Along
with the initial costs of R and D and of obtaining and
installing the various pieces of hardware, there is an
annual cost for operatingrand maintaining the ground seg-
L " ment. |
The original STAMP program calculates the amount.of
- dollars that the system will cost each year. Th%s includes
the annual expenses plus the total initial costs<amortized
over the system lifetime. This is an idealized viewpoint
and does not account for the fact that, in the real world,
the value of money changes with time due to the effects of
1nterest and inflation. The tlme value of money states
that a dollar on hand today is worth more than a .dollar
received ten years from today since it can be invested and
be earnlng interest for ten years. | \
When comparing posslble alternatlve systems or to
perform sens1t1v1ty analysis it becomes necessary to have
a common basis for the value of the expendltures involved.

)
The equlvalence of two systems may not be apparent by s1mply
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listinglthe expenditures. For example, consider two systems,
each satisfying the user requirements in different ways;
System 1 requires a $150 million initial investment and
annual 2xpenditures of $30 million while system 2 requires
an initial investment of 5400 million and annual expenditure
of $10 million.. if.the lifetime of the system is assumed to
be 15 years, then system 1 has an apparent value of 150 +

30 - ié = $600 million and system 2 has an apparent value of
400 + 10 + 15 = $550 million. Clearly, from this analysis
system 2 has a $50 million advantage and would be the logical
choice. However, if an interest rate is allowed to enter
the picture, the annual expenditure must be discounted to
.an equivalent amount which will earn‘enough interest such
that the sum of the prineiple and the interest will be
enough to pay the annual costs as they'occur. This is

known ~s a present value analysis. Using this type of
analysis on the two sYstems above assuming a 5% interest
rate, shows tha£ system 1 has a bresent value'of.$461u39
million while the present value of system 2 is $503.79
million. The logical alternative now is system 1 which
shows a $42.4 million advantage.

The present value analysis was.implemented in the
program byvchanging the costing roﬁtines of the spece'and,
ground segments. The space segmen% in the modified program
is costed in the followipg way:

| IAssume a system lifetime, LSYS, and:a satellite life~

time » LSAT. The-number of satellite launches, NLCH, is
2 ’ '

O
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then the least integer greater than or equal to LSYS/LSAT
(Figure 11). At each of these launches a tctal of NSAT +
NOS satellites are launched, where NSAT = the number of
active saﬁellites and NOS = the number of orbit spares in
the system.‘ | |

Now if each satellite costs $CST1 today, then the cost
in any launch year'k-LSAT is given by:

scsTy[ (1 + FAILR) - (NSAT + NOS-C2)J- (1 + inf)k°L$AT

whére, FAILR = total system failure rate
C2 = relative cost factor for orbit spares
inf = inflation rate |
The cost for fhat'particular iaunch discounted to the
present. value is then:
' $CST1[(1 + FATLR) - (NSAT + NOS-C2)] (1 + inf)X TSAT .

(1 + int)—k“LSAT
\ _
" where, int = the discount (negative interest) rate.

The present value of all the launches is:

. NLCH-1

$CST1E(1 + FAILR) - (NSAT + NOS-C2) - E
k=0
. k+LSAT
1l + inf
\l—+—in—t) + NGS‘Cl]

where, NGS';= the humber,of ground -Spares
Cl = relative cost factor for ground spares
if $CST2vis the cost of one launch vehicle fodayf then

the present value of the,launch vehicles can be determined
_ : \ _
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S S

) ~ LSAT 2-LSAT 3-LSAT LSYS
+/ pIME
i.e. LSYS = 40 years
| LSAT = 10 years.
NLCH = |

4

S R

0 LSAT 2+ LSAT 3.LSAT  4-LSAT LSYS
TIME '
i.e. LSYS = 45 yeérs
LSAT = 10 years
NLCH 5

Figure 11: Launch Stream Exanples
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by a similar analysis. The only difference is in the

factor i8I, the number of satellites: per launch vehicle,

: .o NLCH--1
N . _NSAT + NOS C2 Z
y ..,cs'rz[ (1 + FAILR) NET .
- k=0
. k+LSAT ' )
l + inf )
(1—_'_1:3{) + NGS‘C].]

where, NLCH = number of satellite launches in system
lifetime.

The ground segment costing must be considered next.
When a system with a large numbér'of ground facilities is
being built it seems very possible, if not probable, that
all the ground facilities will not be built when the system
is started. A good example of this is an educational
television distribution systém in which there is a sihgle
regiondl facili;y.to transmit educational television to
receivers 16cated inlfhe various schools iﬁ that region.
It is highly probable in this case that the system will
begin operation before all the schools have their receiving
facility. | .

' Because of the fact that, in geneﬁal; some of the
~ground facilities will be acquired in the future, the acqui-
sition costsymust be discbunted to the present value.
Provision must also be made £o account for the fact that
“the annual expenditures for these "late facilities" do not

begin until after they are built and operating.

N
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Witn this in mind, a ground facility population

growth.curve was'incorpofated into the program. This
allows the user to specify, for each beam and for each
class of ground facilitf, whetHer or not a growth curve
is to be specified and; if so, the appropfiate parameters
to define the growth. The user specifies the number of |
years from system startup until the growth is complete,
IBLD, the number of facilities évailable at system startup,
FCINIT, and a parameter that describes the rate of growth,
. ~-The general form of the.equatioﬁ is:
CE(t) = asfa/ﬁ
where £ (t) is the earth-terminal population at time t and
o is'a constant that is computed by the program such. that
ff(IBLD) willrequal‘the maximum numbef of facilities.. Some
examples of this type Bf gro&th curve are shown in-Figﬁre
12 for warious Galues of g with a’10 year'érowth lifetime.
Specifying a non-zero initial facility population, FCINIT,
has the effect of shifting the desired curve by an amount
Tl to the left such that the cﬁrvé intersects‘the vertical
axis at the proper population. T1 is detefmined such that
£(T,) = FCINIT (Figure 1-_3_).\’ ‘It should bz noted thot this
growth curve is valid only until fear IBLD,'after that the
- ground fécility pépulgtion is at its-maximum,:and fof the
1érgér values .of B the?e is a somewhat abrupt discontinuity
at year- IBLD. ' - ‘f"

The ground facility costing is divided into’two parts, -

the initial capital investment and the annuval operating
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costs. The initial capital investments include the costs
of acéuisition, R and D, and installation of the ground
faci&ities while the annual operating costs include the
costé incurred each year for the operating and maintaining
of the ground'segment.
The initial capital investment Qf the ground ségment
is déﬁermined in the following manner.
In the case where there is no growth éufves, the

tnitial qapital investment amounts to merely the sum of
all the acquisition énd installation costs of the ground
segment. The costs are all assumed to be incurred at the
time of system startuplso'there is no effect of interest
6r inflation. | |

' On the other hand, in the case where there is a growth
curve eome of the acquisition and installation cost will
be incurred after sysﬁem startup and the interest and
inflatidn will have an effect on them. Consider the growth
gprvélﬂf Figure 14; The growtﬁ stafts_ét FCINIT initial
facilities and groWs_ﬁo FMAX facilities in IBLD = 7 years.
The growth model'iq the program is a staircése type of
function in which all the facilities built within a year,
designated NFACi, are assumed built at the end of that.

year ae shown in the figure. Under this assumption,. the

| 3init
cost of a single facility today, then the cost of a single

costing is somewhat simplified. If~$CST is the 'initial

facility k years from now is:
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g ) { ‘k
yCSTBinit (1 + \lnf} .

—

Ths total expenditure for all facilities built within

that yesr is

SCST (1 + inf)¥

yinie * NFAC

k
- Discounting this value to the present value it becomes:

v " R k \ -k
$C°T3init \ NFACk {1 + inf) (1 + int)

' The total itnitial ground segment cost becomes:

IBLD

X ' L e\K
: 1l + inf
) . — ° —
NN’ .(1 ¥ 1nt) NEAC)
k=0 |

where NFAC, = FCINIT.

Next the annual operating expenses must be considered’ -
In the case where there is no growth curve, the present

" value of the annual operating costs is as follows:

} If‘$CST3§nm.

and maintenance cost; for a single facility, then the total

] P

annual cost for any year k; infléted'and discounted to the =

present value is then

~ .ok
~a -, . {1+ infy .
$¥“23ann,; FACIL (1 + int)F ;
" where FACIL is #he'number,of facilities. - L\:
. : I e S
. B
The total for all years is then C ,“k =
S LsYs . 4
$cST3ahn"“FACIL ' :E:. (1 + int) -t ’ _
. o R 3 . k=0 Lo : . -
\ : . L - T
' In the case where .there is a growth curve, the annual

'fébsting is simplified by computing an equivalgnt'éverage

A

'is the annual cost, including operating e
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\
number of_facilities, FAVG, that would be available from

s/stem startup. This is done by determining the area
under the facility populatlon curve from the time of system
startup to the end of the system llfetlme and leldlng
this by the system lifetime. Using the stepwise model

this is done by

Z 'NFAC, - (LSYS - k)
k=0 ' '

FAVG =

However, since there is no growth after vear IBLD,
NFACk for k = IBLD + 1, IBLD + 2, ... LSYS will be equal

to zero. The equation then becomes

EE:.NFACk + (LSYS - k)

ravG.= X0

LSYS

Th_ average annual cost for any year k lnflated and

'-dlscounted to present value, is then

/' .
4CST . FAVG'- l—i;iﬁi .
v 3ann _ 1 + int

Vo,

and the total average annual costs for all years is then

LSYS

: : : : k
: 1 + inf
scST3ann Fave :E: (1 + 1int)

k=1
It should be noted that the manufacturing learning
‘curve used in this cost computaiion'is'baSed.bﬁ’tbe total

number'of'facilities built rather than on'yearly:production.
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‘That is, the grthh curve for the ground faciLities is
ignored for purposes of learning curve cost computations.
3.10 GROWTH CURVE PRINTOUT SUBROUTINE

A new subroutine has also been added to the program.
to display the growth curves. An example is shown in
Figure 15' A new 1nput to the program, IGCPLT, allows the
user to specify which class of ground fac111ty 'and which
beam is to be displayed. The input IGCPLT, is dimensioned
3 x 8, where the first subscript indicates the ground
station class and the secohd indicates the beam number. If
IGCPLT {J, I} is equal to 1, the growth cnrve for class J
in beam I will be displayeo;-if it is equal to 0, no“display
Qill appear for that class and beam. The graph is intended
“to give only a rough idea of the growth rate and .the ground
faciiity pupuiation at any given year. .
v "

\
3.11 CHANGES IN OUTPUT FORMAT

Many of the'modifications‘in the original GD/C program

,necessitated changes‘in the output-routines. For example,
the output for each 1teratlon in theuorlglnal program _ |
prlnted out the power transmltted at the Class 1 and Class 2
ground stations, PGl and PG2, and'at the satellite trans-
ponder, PTR; ror each data type and for each of the six
posslble beams (Flgure 16). However, in the modified-

| program there are erght pos51ble éeams. Since the iteration‘
pr1ntout was densely packed as 1t was, 1t was necessary to .\

elther compr tely - reformat it or do noth1ng to. 1t and prlnt

~ out the transmztter powers for only the flrst s1x beams.
O ‘ ) . ‘ N ‘ ) ‘ " v
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The later was chcsen and justified by the fact that a
_ reasonably good idea of the state of the system at each
iteration could be obtained from six beams.
The formal output routines have been modified in a
- number of ways also. Rather than showxng the system costs
in terms of millions per year, as in the original program,
they are now printed 'in terms of the present value of the
capital investment, the average annual operating cost and
the present value of the annual cost over the lifetime of
,the gystem (Figure 17). The total capital investment
.figures are a sum of the acquisition and installation of
the gronnd facilities,}including that of thekfacilities
that are»built after'the'system startup inflated and dis- .
counted to the present value, and‘the costs of acéuisition
and R and'D of-the satellites and launch vehicle, where the
cost of launches after system startup are also inflated
and distounted to present value. The average annual operating
cost includes operation and maintenances costs of the |

3
average - number of ground fac111ties as explained above.

.

The present value of annual operating costs is the sum of
the average annual operating costs 1nfla+ed and discounted
to the present value for each year of the system lifetime.-

lﬂ The assumed discount and 1nflation rates are also printed
out. . o
Some new parameters are'printed'out'on the‘satellite .
sﬁthstem page ofithe output kFigure 18).-.These.include'thei
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A B
'

number of active-satellites, the. number of in-orbit spare |
, : \
satellites, and the number. of spare satellites in storage

on ground in the system at any given tim:., Also, the total
number »f satellites launched during the system iLifntime

and the assumed satellite and launch vehicle failure rates

are printed out. B )

3.12 CHANGES IN INPUT - ' -
| Thi.z section provides definitions of all new irput
~variables added to the modified GD/C program as well as
describing mcdification to existing inpute..‘A complete
listing of all the namelist input variables is available
in'Reference 7. |

NAMELIST/SATT/ ,
ITRFLG (4,4}, changed from ITRFLG(4,4,2)
Input array of flags to determine valid
combinations of transmitter type and frequency.

: NAMELIST/PAR/
WGHTV (2) , changed ‘from WGHTV(Z 2)
Psophoretric weighting factor for FM video

WGHTNG (4) , changed from WGHTNG (4,2)
Psophometric weighting factors for audio,
facsimile, and digital data. The appro-
priate value WGHTV dis placed in WGHTNG (2}
during execution. o

PREMV(Z), changed from PQHMV(Z 2) FM pre-
emphasis for v1deo,.

PREEMP(4),'changed from PREEMP(4 2) FM pre-
emphasis for each data type.- The appropriate
, . value of PREMV 1s placed in PREEMP(Z) durlng
execution.

PEAK, changed from PEAK(Z) Peaklng factoruv

, o TASOC, changed from TASOC (Y} conversion factor
' ‘ . to TASO standard '
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AINT (4}, new
Vector of possible interest
(discount) rates. to be considered.

FATILLV, new
Launch vehicle failure rate

FAILST, new
Satellite failure rate

FMLC(3), new
Learnlng curve factors for Class 1, 2,
3 receivers. -

ANTLC (3), new :
Learning curve factors for Class™l, 2
‘3 antennas.

NAMELIST/LOSS/ .
POLDBU (2,2), changed frow POLDBU(2)
Uplink polarization loss, in db

POLDED (3,2), changed from POLDBD (3)
Downlink polarization loss, in db.

POR, new
Sc1nt111at10n probablllty

NAMELIET/GRD12/
UCFAC(3,2), changed from UCFAC(3)
Coefflclents for determining the unit cost
of the fac111ty.

CHC12(2), new : ; _
Incremental cost per. channel for Class 1,
2 receivers. ’ ; o

NAMELIST/GRD3/
. RCVR(2,4), new
Breakpoints for flttlng Class 3 receiver
cost curves in three pieces.

HRCVR(3 '3,4)., new
Coeff1c1ents and exponents for determlnlng4
Class 3. recelver cost. :

CHC3 new
Incremental cost per channel for C]ass 3
receivers. :
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NAMELIST/USRQ/
~..FCINIT(3,8), new v
~ Initial number of facilities available at
system startup for each class and beam.

BETA(3,8), new
Growth curve rate parameter for each class
and beam. _

~IBLD(3,8), new ,
Growth lifetime\for each class and beam.

\ .

WOb, new
Number of orblt satellite spares.
\

NGS, new
© Number of ground satelllte spares.

C2, new E ‘
Relative cost adjustment factor for orbit
spare satellites. ) :

Cl, new :
Relative cost adjustment factor for ground
spare satellites. a

- XINF, new
Inflation rate. .

IINT, new .
Index vector to select interest (discount)
rate fram AINT.

IGCPLT (3, 8), new ' '
Array of flags to select vh1ch growth curves
are to be displayed on output. Dimensional

: - as (class) X (beam) .

PIACR, new —j '
Satellite 1ntegratlon, assembly and checkout
cost. as fraction of the cost of varlous
subsystems.

PCSR, new .- . A
Center support cost (recurrlng) as fractlon
of recurring hardware subsys tem recurring ccsts.‘

_.PSPTN, new ‘ -
Fraction of solar array used in the satelllte
prototyg,.f :

o
I
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PDIMN, new . :
Design, -integration and management {(nonre-
curring) costs as fraction of hardware
subsystem nonrecurring costs. .

PCSN, new . ' . _
Center support nonrecurring costs as fraction
of hardware nonrecurring and Design, Inte-
gration and Management costs. -

PGSEN, new v
Ground support equipment (nonrecurring)
costs as fraction of the satellite hardware
subsystem unit recurring costs.

The following is a list of variables that were contained -
in the original GD/C program but were removed from the
modified program because they were no longer needed.

NAMELIST/SATT/

EFFLCI .

EFFAM{(3,4,3)

WTRAML (4, 3)
RDTRAL (3,4,3)
: : RDTRA2(3,4,3)
- o UCTRAL(3,4,3)
- UCTRA2(3,4,3)
VIRAM1 (3,4,3)
VTRAM2-(3, 4,3)
_ WTRAML (3,4, 3)
\ . WIRAM2(3,4,3)

—

" NAMELIST/PAR/
IMD1I
IMD2I

'NAMELIST/GRD12/ R
BDAMRC (2, 4) | !
CRCVAM (3, 3, 4)

NAMELIST/GRD3/
HRCVK1 (3,2)
HRCVR2 (3, 4)
HRCVR3 (3, 2)
RCVR2 (2)
'RCVR3 (1)
XLC1(3,3)

- YLC2(3)
XLC3 (3)
RCVC2:

, RCyC3
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NAMELIST/USRQ/
IMOD1 (4)
IMOD2 (4)-
3.13 OTHER COMPUTER AIDS FOR SYSTEM SYNTHESIS

Another set of programs has been written to aid in-

the design of a satellite communication system. One of the

programs plots, on an off-line plotter, a geographic map

of the world or’aﬁy portion of it;' A secbndvprogram'
designed to be. used with the first, computes the longitude
and latitude éoordinates of the interséctions bf_satellite'
antenna beams and the earth. It then plots thege "foot-
prints" on the maﬁiafﬁwn by the first program to show,
explicitly, the antenna coverage. A third ?rogram was
 written to plotAthe earth as seen from an earth-synchronous
sétellité. Thése'programs are described in more‘detéii

in Apperdix 7.1l. These programs were used to generate

the antenna coyeragé.patterns éhdwn in the following

chapter.

Ly
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4., SENSITIVITY ANALYSIS

4.1 2.5 GHz BROADCAST SYSTEM

The modified STAMP was used to synthesize a number of
broadcastlas well as fixed communications satellite systems
in an effort to demonstrate its utility~IHAthe“determination“\¢
of lowest cdst_systems and fheir sensitivity to variations’
in technical and user requirements.

The-first baseline system considered was defined to
be an educational television broadcasting-system‘fof the
continental United_states. The systém is ‘composed 6f a
single beam satellite covering the 48 states with é single
centfal ground station transmitting one éhannel of video
to the satellite at 6.2 GHz. The éatéllite broadcasts the
video signal at 2.6 GHz to 20,000 ground receiving stationé,,
presumably 1oca£ed on school roof-tops or other learniﬁg
cenﬁers, The_satellité.lifetime,is 5 years while the
system lifetime is 15 years. The launch vehicle used is
Titan IIIB/Centaur/Burner II. ‘The failﬁreurafeé for the
launch vehicle /and the shtellite upon release from the
launch vehicle were assumed to the 0.25.and-0.20 respectively.
The peak to peak signal to weighted rms noise ratio ob-
jective for the‘direct receivers is 49 db, equivalent‘to
TASC Grade I service fér terrestrial Vestigial SidehBand
(VSB) transmissions. The antenna coverage pattern for this
’sysfem is shown in Figure 19. The output from.the program

for this system is shown in Figure 20. As can be seen from
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page 1 of the output; the preéent value of the capital

investments is $115.461 million. This value apcountijor'

all the initial costs incurred in the system inéluding the
" costs c¢f the satellites launched 5 years and 10 yéérs hence

inflated and discounted to present value with inflation

and'discount rateé qf'3.52 and 10% respectively. Since
the present value of the annual expensé ié'$21.495 million,

the tétél'value of this system is $136.956 ;illion.

The system was synthesized twice again wifh thé same
inputs and constraints except that the number of channels™
Qas first Ehanged to two énd then to four. The effeét of
these cﬂanges on the system costs is shown in Figure 21.
Thé increase in system cost is very linear with the number
of channels ag is the groﬁnd segment cost. The space segment
cost is very nearly constant, increasing .only slightly witﬁ
the number of channels. This is due ﬁo the fact that the
size of the satellite is constrained by the launch vehicle
chosen,: As the number of channels‘increases, the power
available for transmission from the>satélii£e,'which remains
relatively constant, ﬁust be divided among all the channels
thus lowering the EIRP/chanhel. To.maintain the reduired
signal.quality at the ground recei&ing'stafions the G/T of
thése stations must increase. Figure 22 shows the EiRP/
channel ahd the G/T of the grouﬁd receiving stations indi-
cating tﬁat they are indeed complementarf_functiOns.» Since
ﬁhe size of the satellite remains,basically constént due

to the weight consfraint imposed by the launch wvehicle, the
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cost of the space segment remains constant. The increase
in total system cost is then due tovthe increase in ground
station costs.

This single beam, four channel broadcast system for
continental U.S. was rerun twice again, this time with
10,000 and then S,Ooo‘ground'receiving stations. The
effect on the system costs is shown in Figure 24. Agi-.,
the space segment cost is fairly constant because‘of the
‘launch vehicle constraint and the increase in system cost
is due to'the increase in-the ground segment cost; Figure
' 23 shows the sateilite-EIRP/channel‘and the ground re-
ceiving station G/T trade—off. In thrs case the EIRP/
channel is constant since the number of channe1s is constant.
Therefore, the earth station G/T is re1at1ve1y constant
and the increased cost is due solely to the 1ncreased
number of ground stations.,

It is_interesting to note what happens to this system
when the satellite size constraint is relaxed by choosing
"a larger launch vehicle, namely Titan IIID/Burner II. The
dotted lines in—Figure 23 and 24 show the effect this has
or. the system costs,-EIRP/channe; and G/T. Figure 24 shows
that the ground segment costtincrease is‘not as rapid with
the number of ground stations-and-that thebspace segment-
‘cost increases more. This is due to the' fact that the.

satellite 'in. the 5000 receiver system is considerably smaller

than the maximum allowed by the larger launch vehicle.

1
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This gives the satellite room to "grow" in future generations
with the number of ground stations. The dotted lines in
Figure 23 display this;gr?wth more explicitly. As the
number of éround stationé_increases, the EIRP/channel at
the satellite increases and the ground station G/T decreases.

As the number of ground‘stations increases the total
system cost for the iarger launch vehicle approaches the
sysfem cost for the smaller. This is important since,
with the smaller launch vehicle, the ground stations are
more expensive, a fact that could discourage potential
users. h

Next, the system was expénded to two beams. This is
still a single beam covering the continental United States
with 20,000 receiving stations receiving 4 video channels
‘but now there is é second beam to cover Alaska. On the
ground, -in Alaska, there is one transmitting station
_ﬁransmitting 4 video channels énd 400 receiving stations.
The antenna co&erage patterns are shown in Figure 25.
The smaller 1aunch.vehic1e, namely Titan IIIB/Centaur/
Burner II, was chosen first, since it yielded a least cost
system,K for the singlé beam system. The sub-satellite
longifude was shifted from 100° west to 126° west to
improve the noise conditions in the Alaskéﬂ“beam; The
cost changes for a_l_channel video‘broadcast system are

summarized as follows:
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1l beam sSystem 2 beam system cost change

(continental {continental
U.S.) U.S. and Alaska)
Total System :
Cost 189.883 215.743 - 25.860
Space Segment
Cost 88.339 93.077 4.738
Ground Segment

Cost : 99.729 120.859 21.130

The figures show that the main soﬁrce for the total
system cost change was in the ground segment. The reason
for this is that the satellité in the single beam system
was as large as the launch vehicle would allow. Now, in
the two beam system, the satellite must contain twice as
many transmitters* and receivers in the ;ame volume. This
decreases £he available volume for the power supply and,
‘thereby, lowers its capacity. - A1l of these éhanges'demand
a decrease in EIRP/channel and, theréfore, an increased G/T
at the ground Stations._ The increased G/T at the ground
stations causes an increase in ground station cost. The
increase in £he acquisi?ion,and installation of .the

stations is on the order of $550 per Station, the majority

3
{
3

of the incfease being due to the change from a 10 foot
d}ameter antenna to a 12.3 foot diameter antenna.

In adding a beam for Alaska to the system the mainland
suffers in the form of a 2 db ihcrease.neceésary ih the

‘ground station G/T (db/°K).

*The transmitters are assumed to be channelized throughodt !
this study. - ' '
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-In order to try to decrease the cost of the receivers
incurred by the'G/T increase, a larger launch vehicle,
namely the Titan IIID/Burner II, was chosen and the two
beam system was run again. The larger vehicle succeeded
'in not only reducing the Qround segment cost but it also

reduced the total system cost by $9.5 million. The cost

comparison is given below.

small LV large LV cost change
(Titan 1I11B/ (T1tan. IIID/
Centaur/ Burner II)

Burner II)

Total System Cost 215.743 206.164  -9.579

) . ) !
Space Segment Cost 93.077 112.214 +19.137

Ground Segment Cost  120.859 : 92.135 -28.724

The larger launch vehicle allows the EIRP/channel to
increase from 51.4 dbw to 55.2 dbw on the mainland and from
50.1 dbw to 53.9 dbw in the Alaskan beam. This allows the
G/T of the ground réceiving terminals to drop ffom 11.01
‘db/°K to 7.22 db/°K and the cost to d:o§ by $840 per
terminal below the small‘ground tefminal dost in the single
beam system. The changelin the total system cost incurred
by adding Alaska, when the larger launch vehicle is used, is
reduced from $25.860 million to $16.281 million.

The system was thén expanded to include Hawaii. This
involved add?ng a third beam to cover the islands, which

contain one more transmitting station and 250 more receiving

stations. The antenna covérage,is’shownAin Figure 26.
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Titan IIID/Burner II vehicle was chosen for thié run.
Since the satellite was at its maximum allowable size on
‘ﬁhe two beam run, then adding another beam will reduce the
EIRP}chanhel and cause an increase in ground station G/T.
The éost comparison (in millions of»dollars) is given

below:

2 beam system 3 beam system cost change-

Total System : ‘
Cost 206.164 216.376 10.212

Space Segment . ‘ »
Cost : 112.214 116.757 : 4.543

Ground Segment :
Cost 92.135 97.803 5.668
The EIRP/channel in the mainland beam drops by .8 db/oK.
It is interesting to note, in this case, that the G/T
computed for the Hawaiian ground statibns is.slightly
higher than that of the Alaskan or mainland stations. 1In
this case, in both Alaska and the_m;inland, the lowest
groﬁnd station elevation angle is 5°, It is for this low
elevation angle that. the communication link is designed.
gince the lowest.elevation of the Hawaiian beam is»36.6o
the G/T will be slightly higher due to reducedbatmOSpherid
losses and noise.
'Again the mainland suffers a "penalty" for the addition
: 6f the Hawaiian beam. However, in this c%ée the "penalty" |
incurred inAterms of grouné station acquiSition_and instal-

lation cost is only on the order of $115 per station. -
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Tﬁe three beam system was rerun with Titan IIIB/Centaur/
Burner II launch vehicle for the purposés_of comparisbn.
‘The comparison of the 1, 2 and 3 beam systems is shown in
Fiéure 27. The solid‘lines indicate the system costs when
using the smaller launch vehicle while the deotted lines )
indicate the system costs when using an optimal 1auﬁch
vehicle, that is,_using the 1afge vehicle (Titan IIID/
‘Burner II) for the two and three beam systems. ~

The three beam system was run another time with the
subsatellite loﬁgitude moved back from 1éo° west}to 100°
west to observe anyfsyétem changés. The system, howéver, |
remained relatively stable indicating that changing the
satellite position petween 100° west and 120° west will
have only a minor gffect on system cost at 2.5 GHz.

A new system was defined with the same-3 beam coverage
pattern but this time 2 video channels were ﬁsed instead
of 4. The number of ground receiving stations remained'
the same with 20,000 in the con£inental'United States, 400
in Alaska and 250 in Hawaii.' The single beam coverage of
the méinland was divided into two beams and the system was
rerun. These two beams were then divided into four beams
and it was run again. The coverage patterns for the last
two cases are shown in Figure 28 and 29. The effect on the
system costs is shown in Fiéure 30. The dotted lines show

the same system run with Titan IIID/Burner‘II vehicle and

the solid lines with Titan IIIB/Centaﬁr/Burner II. Z&s can
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Figure 27: System Cost Beam Number Dependence
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be seen, the smaller launch vehicle, namely Titan II1IB/
Centaur/Burner II, providés the least cost system for the
3 béam and 4 beam systems. When six beams are reéuired,

- however, the satellite performance becomes limited .by the
size. The sensitivity (G/T) of the ground station must
increase and, therefore, so does cost. It can also be
seen thaﬁ'when using the larger launch vehicle (Titan IIID/
Burner II), the ground segment costs remain virtually
constant while the space segment costs increase slightly.
Figure 31 shows the effect of changing the mainland number
of beams on the ground receiver G/T and satellite EIRP/
channel of the Hawaiian beam. The solid lines are the
curves obtained from using the smaller launch vehicle
while dotted lines are dbtéined frém using the larger.
When the 1érgef launch vehicle is chosen the EIRP/channel
increases allowing the ground station G/T to decrgase, as
expected. However, when the smaller launch vehicle is
specified, the EIRP/channel decreases due to the size
constraints and the facé that there are more transmitters.
and receivers in the satellite..

- 4,2 2.5 GHz LIMITED TWO-WAY INTERACTIVE SYSTEMS

Using the 3 beam, 2 channel, 20,000 ground station
system cbvering.Alaska,‘Hawaii and the mainland, as a base,
a new system using a Titan IIID/Burnef II‘launch was |

devised to provide voice equivalent interactive capabilities
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in 2.5 GHz DAMA* allocation between some of the remote
1earning centers and the main ground statiqn in each beam.
The single video origination ground facility in the main-
land beam, in addition to transmitting the two video channels,
now also transmits and reéeives_200 audio or equivalent
bandwidth data channels. Each of the central facilities

in the Alaskan and Hawaiian beams now transmits and receives
40 audio channels plus the two video channels. Of the
20,000 ground receiving stations on the mainiand, 1000

were given the capability to trénsmitwa single audio

channel in order to communicate with the central video
origination station. Tﬂe other 19,000 ground stations
remain as receive only stations reéeiving the two video
channels. One hundred of the 400 Alaskan ground stations
were giﬁen the interactive capability as were 80 of the

150 Hawaiian stations. ‘The satellite was given the capa-
bility to receive and retransmit 200 audio channels in the
mainland beam and 40 audio channels each in the HaWaiian

and Alaskan beams. The cost comparisoﬁ between this inter-

active system and the receive only system are given below:

Receive Only Interactive Cost Change
Total System 177.851 . 265.698 87.847
Space Segment 111.080 ©113.379 . 2.299 =

- Ground Segment 64.955 150.503 85.548

*Demand Assigned Multiple Access.
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Clearly, the majority of the cost increase is due to
the ground segment cost increase. The satellife is con-~
strained by the Titan IIID/Burner II 1éunch vehicle, 'which
is the same in both cases. |

The acquisition and installation costs (in million, §)

of each type of ground stations are given below:

Costs Number of Stations

Receive Receive

Only Interactive Only Interactive

System System System System
Clasé 1 |
(Transmit/ ' - :
Receive) 0.539 0.903 3 3
Class 2 |
(Narrowband
Transmit/Wideband :
Receive) - 21.870 ' 0 1,180
Direct | :
(Wideband : ‘ '
Receive Oniy) 38.389 37.606 20,650 19,470

The direct terminals have video receive-only capability,
the Class 2 stations are‘ve:y much like direct terminals
but with added narrowband interactive capability and the
Class 1 sfations are tﬁevmaster origination stations with
full video/audio transmit/receive capability. The'cost of
the direct station segment decreases when the interactive
capability is added but this is due only to the fact that
the number of direct stations decreased by 1180 stations.
The actual cost per station increases by $75. This coét

increase for the direct stations is necessitated by the



-117~

the slightly reduced satellite EIRP due to increased
onboard equipment requirements constrained to the same size.
The Class 2‘costs average to $18,500 per‘station. The
Class 2 stations have a different cost for eécﬁ beam since
the transmitter powers differ for each beam. The Class 2
receivers and antennas are identical for all Class 2 sta-
tions. The difference in cost between the $1930 direct
stations and the $18,500 Class 2 stations is due in a
large part to the $10,100 average transmitter cost.and to
the $6000 cost of larger circularly polarized antennas
used in the Class 2 stat{ons for 2.5 GHz operation. ‘The
remainder of the cost,differenée can be traced to the manu-
facturing learning curve. The direct stations benefit from
tﬁe cost reduction incurred by mass production of 19,450
identical stations. The cost reduction for the direct
class stations is by a factor of 4.39. Meanwhile, the Class
2 stations benefit from the cost reduction of-maSs producing
only 1180 identical ahtenna-receiver combinations, a cost
redﬁction by a factor of 2.73. Also, the Class 2 trans-
mitters do not benefit much from a cost reduction due to
the fact that they are designed individually for each beam.
I; an educational telecommunication system like the
above, the areas which would need the interactive capa-
bility most would be the remote regions of the Rockyb
Mountains, Alaska and the Appalachias. Because of

the poorer educational and telecommunications facilities
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in these areas, an interactive system could provide a
greater incréase in the educational quality £hrough access
td innovative services than in areas where good facilities
already exist. This would tend to equalize quality of
education in these regions to a level with the rest

of the nation. If the Class 2 stétions are contained within
these regions, then the previous three beam system is some-
‘what wasteful of signal power. The narrowband channels are
repeated over the entire continental United States while
they are being used in only small regions of the country._
With this in mind, a new system was developed using é six
beam satellite. The coverage pattern is that shown in
Figure 29. The continental United States was divided into
four beams. Each of these beams contains a single master
ground station. The interactive capability remained the
same in Alaskan and Hawaiian beams. The number of direct
class stations remains at 300 to 170 in Alaska and Hawaii,
respectively. The four beams covering the mainland contain,
in the West, Rockies, Midwest and East, 4800, 4700, 4800
and 4700 direct receivers, respectively. These numbers
maintain the nﬁmber of ground stations as in the previous
system. ‘Thg number of Class 2 stations remains the same

in Alaska aﬁa Hawaii but the 1000 stations on the mainland
are grouped into 500 in the Rockies beam and 500 in the
Eastern beam; The satellite now receives and transmits

125 voice channels at any given time in bcth the Rockies

beam and the Eastern beam, but none in the West or the
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Midwest. All of the beams still contain the 2 video
channels. The cost comparison of this 6 beam system and
the previous 3 beam system are given below (for beam

coverage definitions see Figure 27 and 29):

3 Beam Svstem 6 Beam System Cost Change

Total System
Cost 265.699 228.406 -37.293

Space Segment
Cost 113.379 117.000 3.621

Ground Segment

Cost : 150.503 -~ 111.406 -39.097

The small increase in spadé’segment cost is expected

since this satellite is constrained to use the same launch
Qéhicle (Titan IIID/Burher II).; The decrease of $39
million in the ground segment may seem surprising in that
there are more transmitters and receivers on board the
satellite which should decrease satellite transponder EIRPs.
There are several factors which contribute to this cost
decrease. First, since the narrowband channels are con-
fiﬂed to two of the mainland.beéms, there is a savings in
RF power radiated to the continentél U.S. This savings
proves to be coﬁsiderable. ”In the three beam case; the
satellite radiates:a'total of 224 watts of audio RF power,
218 of which is radiated to the mainland. In the six
beam system a total of only 74.3 watts of audio RF power
is radiated with a total of 55 watts divided between the

1

Rockies beam and the Eastern beam. This means a savings of
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150 watts of RF power over the 3 beam system and allows
inclusion of additional video trahsponders in the satellite.
This is evidenced in the fact that the video EIRP/channel
in the six beam system is noticeably higher than in the
three beam system. Another factor that leads to the ground
segment cost reduction is the fact that on the mainland,

in the three beam system, the worstvcase ground station has
an elevation angle of 50, while the worst case in Hawaii is
36.60.; The average elevation angle is 5.28°. This demands'
that the direct stations must have a higher G/T and/or |
the satellite EIRP/channel must be high. 1In the six beam
system, since all the mainland stationsbafe not assumed to
be at 5° elevation, the average angle is 32°. This allows
less expehsive groﬁnd stations and/or lower satellite EIRP/
channel. In this particular system, the direct station G/T
decreases and the satellite.EIRP/channel increases. The
Class 2 statiéns are also less expensive because of the
fact that the satellite antenna gain for the Rockies beam
and the Eastern beam is considerably higher because of
smaller beam coverage than was the gain for the entire
mainland b;am in the thrée beam system. This allows lower
transmitter powers in the Class 2 ground stations for
establishing uplinks. The six beam interactive system wés
rerun using a larger launch vehicle (Titan IIIC/Burner I1I),
to look into its impact over the éystem cost. 'The system

cost (in million $) comparison is given below:



-121-

(T%?Z—ill%n/ (Ti’%‘?‘l’%lc/ cost Chanie
~“Burner II) Burner I1)
Total System Cost 226.405 243,730 . 15.324
mSpace Segment Cost 117.700 131.588 13.888
Ground Segment Cost 111.406 110.326 -1.08

The ground segment cost increase is apparently caused
by the fact that the satellite for the larger.launch vehicle
is somewhat smzller. than the size of that for the smaller
launch vehicle, resulting in a comparable ground receiver
G/T. The reason the satellite size does not increase with
a larger launch vehicle {(Titan IIIC/Burner II) is that the'
optimal_satellite size for.this sYstem falls within the
constraints of the smaller launch vehicle (Titan IIID/
ﬁurner I1). Wh%n the larger launch vehicle is chosen, the
total space segment becomes more expensive because of tﬁe
increased launch costs. The program triedf to optimize the
system cost by reducing the space segmenf cost through
.reductidn'inmfhe.safellite cost; this demands an increase
in ground station performanée; Thus the increased ground
segment c&st. Clearly, the smaller launch vehicle is -
optimal in this systém. |

‘The switch from the three beam system to the six bean
system has advantages othér than economic. With four
separate master stations on the_mainland there is a.possi—
bility of broadcasting eight different video channeis si-

multaneously in the continental U.S. Also,'since.the four

Q :
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beams correspond approximately to the time-zones, a program
could be broadcast at éﬁe same local time throughout the
U.s.

A disadvantage of the six beam system is that the

!
-interactive stations in the Rockies beam cannot communicate

_ |
with the stations in Appalachia unless advanced trans-
ponders on board the satellite‘with interbeam channel
sWitching are employed or ifya low gain wide beam antenna-
to reéeivqfnarrowband uplinks is used. If the system is
intended ;s a master-slave configuratfon, this is not a
major problem.~~ﬁowev¢r,‘if communication between the
various interactive étations in different béams, this
icould be 'a serious problem resulting in increased system
cost.
4.3 12 GHz BROADCAST SYSTEMS

I The thrée beam, foﬁr video chanﬁel, nbn—interaétive
system described earlier was rerun with lZIGHz downiinks
and 14 GHz'uplinks in place of 6.2 GHz.uplink‘for video,
2.5 GHz uplinks for narrowband return from remote small
terminals and 2.6 GHz éownlinks. This higher fregquency
case was run with Titan IIID/Burner II launch vehicle useé
in the lower frequency case but the results were unreason-
able. The satellite weight would not reduce, for a reason-
able ground segment environment, to the 2800 pound weight
constraint imposed by Titan II1ID/Burner II. The launch

vehicle finally settled upon was a Titan IIIC7 with a weight

constraint of 4500 pounds.
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The increased satellite weight is one of the penalties

paid for using 12 and 14 GHz frequency bands for comparable
capabilities at 2.5 and 6 GHz. The gain lies in the
increased bandwidth availability. The increased weight is
required by the transmitters which must produce greater RF
power/channel as compared to that at 2.5 GHz because of
considerably higher rain and atmospheric attenuation at
12 GHz. With the increase in.RF power/chénnel, an increase
in the raw power supply requirements is demanded and a
corresponding satellite size increase occurs.

The cost comparisons between a three beam, four video
channel per beam system at the 2.5 GHz and the 12 GHz band:

are given below (in million $):

.2.5 GHz 12 GHz

System System Cost Change
Total System Cost 216.376 299.661 83.285
Space Segment Cost 116.757 144,815 28.058

Ground Segment Cost  97.803 153.028 55.225

The space segment cost increase is due mainly to the
increased RF power requiremegts resulting in increased
satellite size and then a larger launch vehicle (Titan IIIC

~The 12 GHz system described above was rerun twice to
determine the effect of the numﬁer ofichannels/beam on the
system'parameters and cost. The results for the éystem
costs are shown in Figure 32. The EIRP/channel and the

ground station G/T for'the continental U.S. beamé are shown

-
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in Figure 33. The curves are very simiiar to Figures 21

and 22, for the‘2.5 GHz systems. The reasoning behind the
curves is ﬁhe same in both casés.' It is interesting to note,
however, that the cost increase per channel in the 12 GHz
3ystem is roughly twiée the cost increase per channel in

the 2.5 GHz-systeﬁ. This ratio holds for both the ground
segment and the space segment. -

The three beam, six éhannel system used in the above

comparison was rerun with the Hawaiian beam removed and

then again with the Aiaskan beam removéd and the subsatellite
point moved from_120o west to‘100o west. The antenna
coverage patterns for these systems aré the same as in Ehe
2.5 GHz case and are shown in Figures 26, 25 and 19. The
effect of the number of beams on the system costing is éhown
in Figure 34. The.coxresponding 2.5 GHz curves are shown

in Figure 27. The 12 GHz curQes are very similar to those
obtained for 2.5 GHz using the smaller launch-vehicle

(Titan IIID/Burner II) for all the three sysﬁems. In the 12
GHz éystem, for a given set of precipitation cénditions, the
.optimal launch vehicle is the same for allAthree systems.

The incremental cost -per additional beam is :ohghly equal

in the 12 GHé system to that in the 2.5 GHz system when
using the smaller launch vehicle. However, when the optimal
launch vehicle is used‘for‘the 2.5 GHz system, the coét
increase, as a percentage of system cost,.is roughly equal

for the 2.5 GHz and 12 GHz systems.
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The three beam, two channel system. described above
was rerun twice, firsﬁ with the continental U.S. coverage
divided into two beams and then with it divided into four
beams. These coverage patterns are shown in Figures.28 and
29, The resultsjin terms of thé system c¢osts are shown
in Figure 35. The corfeSponding 2.5 GHz curves are shown
in Figure 30. 1In this case the 12 GHz systems do not
behave as the 2.5 GHz systems do. |

The transition from 3 to 4 beams effects a $33.5
million reduction in total systeﬁ cost resultin§ primarily
ffom reduction in ground segment cost. This could be under-’
stood in light of the fact that, in the three beam system,
the worst case communication link design for the mainland
beam is carried out for the smallest elevation angle
(5 degrees) and the worst case regions from the viewpoint of
heavier and more frequent rain. The system then tends
towards a combination of higher satellite EIRP/chanﬁel and
increased‘ground'ﬁerminal G/T. 1In the 4 and 6 beam case,
the worst case situations are confined to a single beam
‘covering the eastern part of the U.S. and do not aifect all
of the ground terminal population. The satellite EIRP/
channel and/or ground'terminal_G/T are then allowed to be
different for individual beams, covering nonoverlapping
parts of the continental U.S., as each beam is designed for
its own worst case. In a situation where Ehe satellite is

already constrained in size by the launch vehicle, this
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results in a smaller G/T requirement for a large segment of

the earth-terminal population and results in significant |

overall system éost reduction demonstrating a major

advantage of having regionalized coverage if system opera-

tion in multimeter wave region is desired. '

4.4 12 GHz LIMITED TWO-WAY INTERACTiVE SYSTEM

As was done in the 2.5 GHz, the three beam, 2 channel

. 12 GHz was modified to provide interactive capability in

12-14 GHz band for 1180 of the 20,650 ground stations in

the system, 1000 on the mainland, 100 in Alaska and 80 in

Hawaii. The cost comparison (in million $) between the

receive only system and the interactive system is given

below:
Costs - Number of Stations
Receive Only Interactive Receive Only Interactive
System System System System
Class 1 0.892 1.264 3 3
Class 2 - 33.925 0 1,180 -
Direct 31.794 , 53.968 20,650 19,470

In this case the unit cost of the direct class stations
increased by $260 due to the reduced satellite pefformance.
The Class 1 station cost increases by an average of $124,000
per station with the greatest increase in the mainland
Class 1 station. This is‘obviously-due to the fact that

the Ciass 1l stations have additional transmitters to handle

and support talk-back or interaction. The cost of the
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mainland Class 1 station is greater than those in the
Alaskan aﬁd Hawaiian beam because of the worst-case location
considerations. The Class 2 station cost averages $28,750
per station. As in the 2.5 GHz case, the difference in

unit cost of Class 2 stations and the $2770 direct station
is attributable to the audio transmitter and the smaller
manufacturing learning that takes place.

Again assuming that all the Class 2 stations are
clustered in the Rockies, Alaska and Appalachia, a six
beam, 12 GHz narrowband interacfive sysfem was synthesized
with the same requirements as for the 2.5 GHz system. The
cost comparison’of the 12 GHz 3 beam interactive and § beam

interactive systems is given below:

3 Beam 6 Beam

System System Cost Change
Total System Cost 381.955 252.925 ~129.03
Space Segment Cost 140.500 135.762 -4.,738

Ground Segment Cost 239.649 115.346 -124.303

The same launch thicle (Titdn IIIC7) was used for both
cases. In this case the space segment cost decreases by a
small amount. Even though this change is relatively small,
it may be surprising to many that the satellite should'be
less éxpensive when doubling the‘number of beams. It may be
even more surprising in light of the fact that the ground
segment cost decreases by $124.3 million. An inspection of

the satellite parameter printout shows that the 16
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transmitters in the six beam satellite weigh 389.1 pounds,
an average of 24.3 pounds per transmifter. The‘hine trans-
"mitters in the thfee beam satellite weigh 332.2 pounds, an
average of 37 pounds per transmitter. The prime power
supply in the six beam satellite provides 4.8 kilowatts of
power and weighs 696 pounds. The prime power supply in
the three beam satellite provides 9.3 kilowatts and weighs
1345 pounds, almost double that of the éix beam satellite.
The total weight of the six'beém satellite is only 3063
pounds compared fo 4504 pounds of the thfee beam satellite.
" Since the launch vehicle chosen provides for a maximum
satellite weight of 4500 pounds, it seems that this is not
an optimal combination. The six beam system was rerun this
time with a launch vehicle tTitan IIID/Burner II) with a
2860 pound weight limit. The cost comparisons are given
below: “

6 Beam System
6 Beam System Titan IIID/

: Titan IIICy Burner II
3 Beam System ___Launch Launch
Total System
Cost 381.955 252,925 226.763
Space Segment - : '
Cost 140.500 - 135.752 116.731
Ground Segment ' .
Cost 239.649 : -115. 346 118.217

Obviously, the smaller launch vehicle is economically
optimum, providing a $16 million reduction in total system

cost. The cost of the ground segment increases slightly
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from the system using the larger launch vehicle but this
is expected due to the slight décrease in satellite size
and, therfore, performance. The majority of the cost
decreace 'in the space segment is due to the lowef launch
vehicle cost, a total of $19.5 million per launch assuming
three launches. The smaller launch vehicle causes a decrease
in the EIRP/channel of approximately .7 db in both audio
and video channels in all beams. The direct station G/T
increases by roughly the =zame .7 db 'which causés a cost
inc?ease of about $140 per direct station. The G/T of the
Class 2 receiving system also increases by .7 db which
contributés'to an increase in cost of approximately $550
per station. This cost increase is also caused by increased
Class 2 terminal transmittef performance. |
4.5 EFFECT OF RAIN RATE

The single beam, 2.5 GHz.system.providing 4 video
channels tq 20,000 ground receiving stations on thel
continental U.S. was resyhthesized three times with the
worst rain rate, which has been assumed to be 3.5 mm/hr
for all previous cases, changing from 5 mm/hr to 10 mm/hr
and 15 mm/hr. These three casés were run again at 12 GHz.
The effect on the system costing is shown in Figure 36 and
the impact of heavier rain on 12 GHz systems is obvious.
4.6 COMPARISON OF STAMP TO CSC PROGRAM

The Computer Science Corporation used its broadcas£

satellite system synthesis program (8) to synthesize a
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satellite broadcasting system for educational television
in the U.S. The system was composed of 15,000 receiving
stations, 5000 in each of 3 beams (2° x 2° peams covering
Alaska, Rockies and the Appalachian region). Six television
channéls were broadcast from the satellite in the 12 GHz
band in each beam. The coverage patterns are shown in
Figure 37. The primary optimal system characteristics
computed by CSC are summarized below:

EIRP/channel = 51 db

Satellite weight = 2047 1bs.

RF power/channel = 124 watts

G/T (beam 1, Alaska) = 21.4 db/°K

(beam 2, southwest) = 20.0 db/°K
.(beam 3, mid southern) = 20.8 db/°k
System cost = $208 million
A very similar system was synthésized using the modi-

fied STAMP for comparison and validation. Several facts
must be noted first concerning‘the two computer programs.
First, the CSC'program«doesrnot provide in its costing
routine for annual opearting costs. Therefore, its total
system ccst is actually equivalent to the initial investment
portioh of the GD/C program. Second, the CSC program, in
its optimizationNroutine, assumes that the characteristics
of each beam are identical at the satellite and the ground
stations differ depending on the loeses and noises incurred
in each beam. The GD/C program, cn the other hand, assumes

the Class 2 and 3 ground receiving stations are mass produced
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and are, therefore, identical. The trahsmittér and re-~
ceiver characté;isfics of each beam differ at the satellite
to account for the losses and noises in each beam. Third,
the CSC program chooses a launch vehicle automatically
based on the size of the satellite, while. the GD/C program
requires that a launch'vehicle be éhosen, a priori and
the program tries to fit the satellite to the launch
vehicle. 1In this particular STAMP run Titan IIID/Burner I1I
was chosen as the launch vehicle. The CSC program computed
the satellite weight to be 2047 pounds and the Titan IIID/
Burner IT hés a weight of 2800 péunds.
The system characte?istics computed by the modified
STAMP for same inbuts as those used in CSC system definition,
are summarized below:
EIPR/channel, {Beam 1, Alaska) = 48.7 dbw
| (Beam 2, Southwest) = 51.2 dbW
(Beam 3, Middle Southern) = 52.1 dbW
Satellite Weight = 2800 pounds
RF Power/Channel, (Beam 1) = 175 watts

(Beam 2)

32 watts

38 watts

(Beam 35

G/T, (Beam 1) = 19.57 db/°K

(Beam 2) = 20.13 db/°x

(Beam 3) = 20.06 db/°K
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System Costs:
Total capital investment = $209.160 million .

Total annual operating costs = § 70.289 million

_ $279.449 million

Looking first at the EIRP/channel, it is clear that,
~in the GD/C program, the beam 2 and beam 3 values are very
similar to those 6btained from the CSC program. However,
as 1s expected, the EIRP/channel in the Alaskan beam is .
considerably higher due to the inc}eased path length and
the fact that all the ground terminals. in the system are
identical. The poorer?conditions.in Alaska are accounted
for in the CSC program by the fact that the ground receiving
stations in Alaska are designed to provide a higher G/T
than the stations in beams 1 and 2.

At first glance it appears that the costing of the two
programs is amazingly close, the CSC program yielding $208
- million and the GD/C program giving $209 million for its
initial investment figure. However, on-further examination
it can be seen that the fact the two figures are so close
is coincidental to some degree since the CSC program shows
a $119 million space segment and an $89 million ground
segment compared to the STAMP which computes a $145.2 million
space segment and $61.6 million ground segment. -The STAMP
also includes, in‘the costing:of the total system, the costs
of the video origination stations and the costs of the

telemetry and command.
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In brief, the two programs came reasonably close on
the EIRP/channel and the ground station G/T, the two most
important system parameters, but the subsystem costing
routines of the two programs are inconsistent.

4.7 EFFECT OF INTEREST AND INFLATION RATES

The GD/C program was rerun to syntheéize the system
described in the previous section except that this time
the time value of money was taken into account by inputting
an inflation rate and an interest rate of 3.5% and 10%,
respectively. The cost comparisons (in million $) are
given bglow:

No Interest 1 Interest and 'Present Value

or Inflation =~ Inflation Change
Total System
Value 279.448 226.865 -52.583
Space Segment _ :
Value 145.158 117.729 -27.429
Ground Segment
Value 131.745 _ 107.321 -24.424

It is interesting, in this case, to note that in both
systems, the satellites and launch vehicles are virtually
identical and yet'the present value of the space segment is
over $27 million different than the dollar value of three
satellite—laynch vehicle combinations. Also, the ground
stations are virtually the ;ame in both cases yet the
ground segment cost decreases by $24 million when the

interest and inflation are accounted for. The initial

costing for the ground segment is'very close, differing
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by only $0.236 million while the average annual costs
| differ by only $0.022 million. The present value of the
total annual operating cost of the system, for the case
with interest and inflation assumed to be zero, is merely
the average annual cost multiplied by the system lifetime
of 15 yesrs. This gives a tstal 6f $70.3 million; How-
ever, when an interest rate or 10% and an inflation rate
of 3.5% enter the picture the present value of the total
annunl cost is only 9.54 times the average &nnual cost
giving a value of $44.9 million.

The prograﬁ was rerun with the previous inputs but
with an inﬁerest rate of 15%. The system cost'comparisons
for two different interest rates are shown below:

Present
Interest = 10% Interest =.15% Value Change

Total System . : :
Value 226.865 ' 203.766 _ ~23.099

Space Segment
Value o 117.729 104.080 ~13.649

Ground Segment )
Value 107.321° 98.230" -9.091
In these systems the Qround and space segments are,
again, very similar* but the present value of the total
annual expenses is reduced from $44.9-million to $34.2

million. The system synthesized with a 10% interest rate

*The unchanging nature of the satellite and ground terminal .
parameters is attributable to the launch vehicle constraints.
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exhibited a slightly higher EIRP/ehannel at the satellite
and a corréspondingly lower ground station G/T than in the
system synthesized at 15% interest. There is a reason for
this effect; the present value 6f the total annual ground
segment expenses is computed in the following manner:

PVAQC

AOC + (# of stations) ¢« PVFG

where, PVAOC present value of annual operating costs for
the gréund segment
AOC = annual operating costs for the ground

segment
PVFG = present value factor for ground segment =

15 | .
2{:. 1 + inf)®

-\l + int i
k=1

When the interest or discount rate is assumed to be 10%,
15 = 7.1469.
- The cost of the space segment is computed as follows:

PVFGlO = 9.5368. With a 15% interest rate PVFG

1 + inf\> 1 + in£\10
BVSS = UCss + UCSS (F——f2E)" + vess (F4iBE

present value of the space segment

where, - PVSS

 ucss

‘the unit cost of one satellite-launch vehicle
- combination.
The present value factor for the space sé@ment, PVFS,

is given as:

———

; . 5 . 10
PYFS = 1 + (1 + 1nf) + (1 + lnf)

1 + int 1l + int
With a 10% interest rate-PVFSlO = 2.2813. . At 15%
interest PVFS,,. = 1.9392.

15
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Now, for the ground segment, PVFG10 = 1.33 PVFG15

while for the space segment ~1>\st10 = 1.17 PVFS This

15°
says that as the interest or discount rate decreases, thz
impact of the ground segment cost on thebtotal sYstem cos£
will grow faster than the space segment cost impact. In
other words, at lower interest rates, a unit cost change in
the annual operating cost of the ground segment will have a
larger effeét on the total system value than will a unit
cost change in the space segment cost. Therefore, at the
lower interest rate of 10%, the program, as it reduces the
total system value, is actually reducingvthe ground segment
cost more than it does with an interest rate of 15%.

The systeﬁ was synthesized agéin with the interest and
inflation rate set at 10% and 3.5%, respectively. However,
a ground station population grthh was introduced. The
grdwth starts at zero facilities andkgrows to- the maximum
in 3 years time. The gfowth rate parameterl(see Section
3.9), B, is set at 0.3. This is saying that all the ground
stations are not available ét system startup ana the initial
‘costs for.these stations will not occur until soﬁe future
date. These costs will be discounted to the préseht value
and the present Value_of the initial cosfs will be smaller
than the case where all the ground terminals in the system
are assumed to be deployed at the time of satellite launch.
Aléo,'the present value of the~ahnual expenses should- be

lower with the growth curve since the annual costs for the
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delayed stations are not incurred until after the stations
are built. The cost comparisons (in million $) between the
case with the growth curve and the case without it are

shown below:

System
Without System . Present
Growth With Growth Value Change
| (8=0.3, T=0) |
Total System Value 226.865. = 220.244 -6.621
Space Segment Value @ 117.729 117.019 -0.710
Ground Segment Value _
Initial Costs 63.632 60.452 -3.180
Total Annual Costs 43.626 40.957 -2.669

As cén be seen, this present value of the ground segment
decreases as expected. The space segment is relatively
constant in both systems. The small change that is present
could be due to the fact that the program seeé a lower value

for the groﬁnd-segment in the system with the growth curve

and therefore will try to increase the ground segment cost

and hence decrease the space segment cost slightly.

The same program was run twice again, with the growth
rate parameter (B) equal to 1.5 and 6. The effect on the
present value of system cost is shown in Figure 38. In
all cases the value of the space éegment remains constant
while the present value of the ground Segment décreases with
increasing B. As B increases, the rate of growth decreases.
Then, for the larger values of B, there will be a grééter

percentage of the ground station costs occurring late.
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These "late" costs are discounted to the present value and
contribute to a lower total system p:§sent value. Thus,
the larger is the growth rate parameter (B), the 1owef is
the total system present value.

The case with B = 6, with the interest and inflation
equal to 10% and 3.5%, respectively, was run once more,
this time with satellite spare \in orbit to increase the

'reliability and the service continuity of the system.
Since there are three generations of satellites in the 15
year system lifetime, assuming a five year satellite life-
time, three'orbit spares are included in the total system
value. One of the anomalies of the optimization program
presents itself in this case. On the one hand, the value
of the space segment will be roughly twice the previous
value and the program will try to reduce the space segment

- to decrease the total.system present value. On the other
hand, an increase in the ground segment performance .
necessary to lower the space segment cost also causes a
considerable increase in ground'segment valﬁé; %hese two
factors contribute to a very slow convergence process.‘
This pérticular case was run for a total of 70 iterations
and convergence had not been.achieved; however, it could
be seenbfrom the individual iteration printouts that the
size of‘fhé satellite and, therefore, the totél space
Segment-value was decreasing. It wéS'dedreasing ét so

slow a rate that it did not. seem economically advantageous

to run the program until convergence was reached. A similar
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problem Was‘encountered when a ground satellite spare was
added to the above system.[ Experience suggests that this

very slow convergence is.the exception rather than the

rule.

£
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5. SUMMARY AND CONCLUSIONS

The subjectlof computer-aided fixed/broadcast communi-
cations sateilite éystem synthesis and optimization has
been of interest to a number of individuals and organiza-
iions for several years. The amount of numerical compu-
tations invélvéd in defining the 1owést-cost system or
configuration for a given set of user and technical require-
ments and constraints is considerably large and rather
repetitive and for this reason it is advantageous to use
the computer for synthesizing an.optimal system.

In the recent years, the National Aeronautics and
Space Administration (NASA) has sponsored the development
éf several computer programs fQr either fixed or broadcast:
satellite system synthesié. One of these programs, (9)
developed at the Staﬁford University, is focussed on
satellite systems for teleconferencing; Another, developed-
by the Computer Sciences Corporation, (8) is for evaluation
and synthesis of broadcast sétellite systéms; A third
_prograﬁ, developed by .the Convair DivisiOn,of the General
Dynamics Corporation (7) and némed Satellite Telécommunica—,
tion Analysis and Modeliné Pfogram (STAMP) , could be used
for the syntheéis of either a fixed or broadcast system or
a system that combines both servicés. ‘

.The Stanford University program (9) is applicable

i+ primarily to telecbnferencing situations and is rather

limited in its capabilities. It only defines an optimized
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earth segment for a given set of user requi%ements,
terminal population, and a space segment defined in terms
of the annual cost of one watt of satellite RF output
power. Ité algorithm for determining the least-cost system
is rather inefficient in that its approach is that of "try
all possible combinations of independent vafiables and

pick the combination that yields the least cost system."

The cdmputer program developed for NASA by the Cdmputer
Sciences Corporation (8) is applicable only to broadcast
systems.l Although up-to-date as far as the definition of
the technicél environment is concerned, it lacks a method—
ology for computing and comparing total system costs of
alternaﬁe systems. |

The Satellite Telecommuﬁication Anélysis and Modeling
Program (STAMP), developed for NASA by GD/C in 1970-71, is
rather complete and flexible thoughrlacking an up-to-date
technological environment and 1imited fo the definition of
systems employing analog modulation and Freéuency Divisionr
Multiple Access (FDMA). STAMP can handle up to six beams,
three kinds of earth-terminals, and fixed as well as broad-
cast systems. The optimization technique empioyed.in STAMP
ié a~steepest—descen£ interactive procedure which is consi-
derably more efficieht than the optimization'procedureé
uéed in theﬂgther two prqgréms. STAMP, in>contrast to the
Stanford Universitylpfogram, utilizes a total éyétem approach
andvdétermines the minimum cost system configuration subject

to fixed user requirements and imposed constraints.
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The user requirement investigations conducted at
Washington University suggest that educational satellite
service requirements represent a migture of point-to-point,
teleconferencing and_broadcaét services. .While many of
the possisle services require a wideband receive and'narrow—'
baﬁd voice/data transmit ability, there are many that
requi:e wideband receive-only or symmetrical video/voice/
data transmit-receive capabilities. Thus, a tool for
sYnthesis of minimum-cost educational satellite systems is
required to have an ability ﬁo considér different types
of earth-terminals, broadcast.as well as fixed satellite
services in one system, and a 1afge number of ‘beams in
view of the decentralized nature of U.S. education. 1In
view of the availability of many of the above features in
GD/C STAMP program and its modular construction which per-
mits alterations with relative ease, STAMP was chosen to
be the base for a number oé modificationé £o prq#ide a
more powerful, up-to-date and an'appropriate tool for
hanaling the system costihg and evaluation requirements of
the Washington University interdisciplinary research
Program on Application of Communication Satellites to
Educational Development.

The modifications made to STAMP implemented on
Washington University's IBM 360/65 computer system include:
extension of the six beam capability to-eight; addition

of an option for generating multiple beams from a single
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reflector with an array of multiple point-feeds; an improved
system costing to reflect the time value of money, grqwth
in earth-terminal population, and to account for various
measures of system reliability; inclusion of a model for
scintillation at microwave frequencies in the communication -
link loss model for near-equatorial coverages; and, an
updated technological environment. The modifications are
described in Chapter 3 aldng with the definition and listing
of all new input variables added to the modified STAMP.

A preliminary sensitivity analysis has been carried
out with the aid of the modified STAMP to investiéate the
sensitivity of system characteristics and cost to variations
in user and technical requirements‘and imposed constraints.
The modified STAMP has also been used to define al3—beam
12 GHz.broadcht'system for a set of user and technical
ihputs used in the Computer Sciepces Corporation sﬁudy (9)
. for the definition of a baseline system for the purposes
of comparing the two prograﬁs. The technical charactei—
istics of the system defined by'modified STAMP are strikingly
similar to those defined by CSC. The results of this work
are described in detail in Chapﬁer 4 though some condlusions
drawn from the preliﬁinary anélyéis'are preéénted hére.

For most systems there is an oQtima1>1aunch vehicle.
Choosing a'smallér'vehicle increases the ground segment
cosf mére‘than neces%?ry by constraining the satellite

size, and therefore, the performance of the satellite. On
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the other hand, choosing a larger vehicle also increases
the ground segment costs more than necessary. This 1is
because the program tends te reduce the space seégment eost
to a greater degree than is necessary because of the higher
launch cost. Therefore, the choice of an appropriate
launch vehicle is quite important in the synthesis of the
least cost system.
| When considering an educational’television broadcast \

tYpe of system, the transition from a single beam covering
the continental U.S. to a 2 beam system cerring the main-
land and Alaska causes an increase of 8% in the total
system cost. However, by using a larger launch vehicle,
the cost of the ground receiving stations can be reduced
by close to 10%. The shift to a three beam system cover-
ing Hawaii causes total system cost increase of 13% over
the single beam system. |

The location of the satellite in a three beam broad-
cast system covering Alaska;lHaWaii, and cohtinegﬁal U.S.
simultaneously can range from 120° west to 100° west with
no noticeable chepge in total system_cost for a common set
of service requirements in each beam. Apparently, the
degrédation.of conditions due to decreased elevation anglesi
whenlthe:satellite_is at lOOolwest, in Alaska and Hawaii
is balanced by the improved conditions on the mainland.

In using the GD/C program‘tolcompare'an interactive

system with an otherwise.identical receive-only system,
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the cost increase is due not only to the incrgased number
of transmitters necessary but also to the fact that the
number of identical receiver systems for mass production
is reduced. This wiil reduce the costlreduction due to
mass prbduction. | {Ai

A considerable savinés can be realized if séparate"
beams are used to interconnect wideband receiQe éhd narrow-
band transmit type earth terminals clustered into small
regions. In this case the mainland beam can be split into
several narrower beams with the narrowband channels trans-
mitted only to those areas that use it.

The operating ffequencies play a part in the sensitivity
of system cost tO‘variouS<parameters. A£ higher frequencies,
particularly frequencies above 10 GHz, the attenuatipn |
due to thé troposphere increases and makes higher EIRP/
channel values necessary and, consequently, heavier and
1ar§er satellites for a given set of user requirements.

When increasing the number of channels pér beam,
however, the incremental cost per channel, expressed as é
percentage of the total s&stem'cost is roughly equal at
12 GHz to that at 2.5 GHz. On the other hand, in changing
from a receive only system to an interactive system, the
total system cost increased by 663 at 12-14 GHz whi1e .
only incréasing 50% at 2.5 GHz. The change from the 3
Beam interactive system to the 6 beam interactive system-
caused a 34% total cost decrease at 12 GHz, while at 2.5

GHz it effected only a -14.6% decrease. At higher frequencies,
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it generally shows a dependence on the éame variables as
at lower frequencies but it shows’the dependence to a
greater degree.

It has been demonstrated that the comparison of any
two systems must take into consideration the effects of
interest and inflation. Two systems that have the same
total costs may actually be several million dollars
different when looked at in terms of the time-value of
‘money. -

- The interest rate adds another aspect to be considered
in the determination.of the system value. At lower interest
rates, the system cost reduction has a greater impact'on
the ground segment while ét higher‘interest rates the
effect is greater on the space Segment.

The interest and inflationvrates are also important
when ground terminal population growtﬁ curves are defined
in fhe system. The costs of stations built after system
startup are discounted to the present value resulting in
a lower system value. The slower growth rate implies
smaller toﬁal system presentIValue.' However, if the ground
station population growth rate is known a decision should
be made as to when the satellite should be launched to
provide optimal use of the satellite lifetime.

In conclusién, it could be stated the the modified
STAMP computer program described in this,repoft is a

flexible yet powerful tool for educational fixed/broadcast
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satellite system synthesis and evaluation to be used in
the early system planning stages. The modified STAMP can
be used for evaluatiné the tradeoffs between system per-
formance and cost, to perform sensitivity analyses to
identify critical user and technical requirements, and to
synthesize the;leaétvcost system for a fixed set of user

. requirements, technological environment and imposed con-
straints. Its limitation lies in the fact that in its
current form it can only synthesize fixed/broadcast
satéllite systems using Frequency Modulation (FM) and
Frequency—Diviéion Multiple Access (FDMA). An effort, in
the form of another M.S.E.E. thesis, (19) is underway to
develop a cépability for computer—aided.synthesis of
least-cost fixed satelliﬁe systems using digital trans-
mission tecﬁniques,for voice/data and‘FM_fof video infor-
mation with narrowband communication in either Frequency-
or Time—Divisioﬁ Multiple Access (TbMA) mode. This work,
scheduled for completion in the near- future, will complete

- the inventory of the requisite set of ﬁoois for synthesis
and evaluation of_altérnatiVe educational fixed/broadcast
satellite systems beiﬁg-carried out at the.Washingtbﬁ

University.
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7. APPENDICES

COMPUTER AIDS FOR SYSTEM SYNTHESIS
Please see:

Reference 16: Stagl, Thomas W. and Singh, Jai'P.,
"A Computer Program for Mapping Satellite-Borne
Narrow-Beam Antenna Footprints on Earth," Memorandum
No. 72/3, Center for Development Technology,
Washington University, St. Louis, Missouri,

March 1972. ' '

Reference 17: Stagl, Thomas W. and Singh, Jai P.,
"Computer Programs for Plotting Spot-~Beam Coverages
from an Earth-Synchronous Satellite and Earth--
Station Antenna Elevation Angle Contours," Memorandum
No. 72/4, Center for Development Technology, '
Washington University, St. Louis, Missouri,

October 1972.

MODIFIED STAMP LISTING

The modified STAMF listing is available by request.
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